Epitaxial growth and oxidation of thin gold and ruthenium films by Langsdorf, Daniel Wolfgang
  
 
Epitaxial Growth and Oxidation of Thin  
Gold and Ruthenium Films  
 
 
 
Epitaktisches Wachstum und Oxidation von dünnen Gold- und 
Rutheniumfilmen  
 
 
 
Genehmigte Dissertation 
zur Erlangung des Doktorgrades der Naturwissenschaften 
-Dr. rer. nat.- 
am Fachbereich Biologie und Chemie 
der Justus-Liebig-Universität Gießen 
 
 
von 
Daniel Wolfgang Langsdorf 
aus Rockenberg 
 
 
 
 
Gießen, 2015 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dekan / Dean:    Prof. Dr. Volker Wissemann 
 
1. Gutachter / 1st Reviewer:  Prof. Dr. Herbert Over 
2. Gutachter / 2nd Reviewer:  Prof. Dr. Bernd Smarsly 
 
 
 
 
 

Die vorliegende Arbeit wurde in der Zeit von März 2011 bis August 2015 am Physikalisch-
Chemischen Institut der Justus-Liebig-Universität Gießen unter der Leitung von Prof. Dr. 
Herbert Over durchgeführt. 
 
„Ich erkläre: Ich habe die vorliegende Dissertation selbstständig und ohne unerlaubte fremde 
Hilfe und nur mit den Hilfen angefertigt, die ich in der Dissertation angegeben habe. Alle 
Textstellen, die durch wörtlich oder sinngemäß aus veröffentlichten Schriften entnommen 
sind, und alle Angaben, die auf mündliche Auskünften beruhen, sind als solche kenntlich 
gemacht. Bei den von mir durchgeführten und in der Dissertation erwähnten Untersuchungen 
habe ich die Grundsätze guter wissenschaftliche Praxis, wie sie in der „Satzung der Justus- 
Liebig-Universität Gießen zur Sicherung guter wissenschaftlicher Praxis“ niedergelegt sind, 
eingehalten.“ 
 
 
 
Daniel Langsdorf 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
In the present work the growth and redox behavior of thin Au islands or films with various 
thicknesses (two to five layers) deposited on Ru(0001) was studied by x-ray photoelectron 
spectroscopy (XPS) and scanning tunneling microscopy (STM). By exposure of atomic 
oxygen at room temperature, small oxidized gold nanoparticles are formed by the 
fragmentation of the metallic gold islands or film. For smaller exposures of atomic oxygen (< 
80 L) only the gold islands are attacked, while the Ru(0001) surface is unharmed. With 
increasing thickness of the Au islands (or film), the rate of the Au oxide/Au nanoparticle 
formation and the number of formed nanoparticles decreases, while their size increases. To 
describe the thickness dependent oxidation and fragmentation process of the gold islands (or 
films), a shoveling mechanism is proposed where oxidized gold atoms are shoveled from the 
gold-ruthenium interface to the rim of the gold islands (films). The catalytic activity of these 
nanoparticles was investigated by CO oxidation experiments at room temperature. However 
no activity has been observed. Only the reduction of the Au oxide/Au nanoparticles occurs, 
while the shape and dispersion of the nanoparticles on the surface is retained.  
This change on the morphologies of the gold islands (or films) upon their oxidation or 
reduction is elucidated in the context of the theory of heterogeneous nucleation and epitaxial 
growth. Based on Young’s equation in particular, the energy contributions of the interface 
energy, the strain energy and the surface free energies of the deposited material and the 
substrate are related to the growth behavior and the resulting morphology.  
In the second part of the present work the growth and redox behavior of metallic ruthenium 
structures on Au(111) were studied. Again the resulting morphologies upon oxidation and 
reduction of ruthenium are elucidated by the energy relation given by Young’s equation. The 
deposition of ruthenium on the Au(111) surface leads to three dimensional growth of metallic 
ruthenium islands. These islands merge to a rough ruthenium film. By exposure of oxygen at 
680 K the merged ruthenium islands rearrange to a rather flat ruthenium film with a unique 
perforated morphology. XPS measurements indicate that this perforated film is stabilized by a 
chemisorbed oxygen phase. By using typical Ru(0001) single crystal oxidation conditions 
(680 K, 5·10−5 mbar O2, 30 min) the ruthenium islands on Au(111) do only form a covering 
film of RuO2 if the former metallic ruthenium islands had a critical thickness of 10 
monolayers Ru. RuO2 structures bound to the Au(111) surface are assumed to be not stable, 
so a metallic ruthenium buffer layer between the oxide and the gold substrate is necessary. To 
describe the transformation of the three dimensional Ru islands to the perforated ruthenium 
film with a chemisorbed oxygen phase, a mechanism is proposed based on the energy relation 
given by Young’s equation.  
Finally a brief literature overview of other growth systems is given to further evaluate the 
general applicability of Young’s equation. 
 
 
Zusammenfassung 
 
In dieser Arbeit wurde das Wachstums- und Redoxverhalten dünner Goldschichten (Inseln 
oder Filme) mittels Röntgenphotoelektronenspektroskopie (engl. x-ray photoelectron 
spectroscopy, XPS) und Rastertunnelmikroskopie (RTM, engl. scanning tunneling 
microscopy, STM) untersucht, welche auf einer Ru(0001)-Einkristalloberfläche abgeschieden 
worden sind. Durch das Dosieren von atomarem Sauerstoff bei Raumtemperatur werden die 
dünnen Goldschichten aufgebrochen und in kleine oxidierte Nanopartikel umgewandelt. 
Dabei ist die vorherige Dicke der Goldschicht entscheidend für die resultierende Morphologie 
der geformten Nanopartikel. Generell werden aus sehr dünnen Goldschichten (zwei 
Goldlagen) sehr viele kleinere oxidierte Goldnanopartikel geformt, während bei dickeren 
Goldschichten (≥ vier Goldlagen) deutlich weniger Partikel geformt werden, welche aber 
deutlich größer sind. Außerdem ist die Geschwindigkeit, mit der die Partikel geformt werden, 
für dünnere Goldschichten deutlich höher als bei dickeren Schichten. Um diesen 
dickenabhängigen Oxidationsprozess von Goldschichten zu beschreiben, wurde ein 
sogenannter Schaufelmechanismus (engl. shoveling process) vorgeschlagen, der den 
Schlüsselschritt der Fragmentierung, nämlich das Hinaufbefördern (Schaufeln) einzelner 
Goldatome von der Gold-Ruthenium-Grenzfläche zu der Oberseite der Goldinsel, 
demonstriert. Um ein mögliche katalytische Aktivität der oxidierten Nanopartikel 
nachzuweisen, wurden CO-Oxidationsexperimente bei Raumtemperatur durchgeführt. Jedoch 
konnte bisher nur nachgewiesen werden, dass die Partikel, selbst unter stark oxidierenden 
Bedingungen, von dem Reaktionsgemisch reduziert werden. Die Dispersion und Morphologie 
der Nanopartikel bleibt bei diesen Reduktionsbedingungen erhalten.  
Die beobachteten Morphologien, sowie deren Veränderungen durch Zugabe von atomarem 
Sauerstoff, wurden mit Hilfe des allgemeinen Modells der heterogenen Nukleation und des 
epitaktischen Wachstums beschrieben. Basierend auf der Youngschen Gleichung ist es 
möglich das Benetzungsverhalten eines abgeschiedenen Materials (Adsorbat) anhand 
verschiedener Grenzflächenenergien zu beschreiben. Diese beinhalten die 
Oberflächenenergien des abgeschiedenen Materials (Adsorbats) und des Substrats sowie die 
Grenzflächenenergie zwischen diesen beiden Materialien. Bei unterschiedlichen 
Gitterparametern von Substrat und Adsorbat muss zudem noch die Verspannungsenergie 
berücksichtigt werden. 
Im zweiten Teil dieser Arbeit wird das Wachstums- und Redoxverhalten dünner 
Rutheniumschichten auf einer Au(111)-Einkristalloberfläche beschrieben. Wird metallisches 
Ruthenium auf der Goldoberfläche abgeschieden, kommt es zum dreidimensionalen 
Inselwachstum, welches, durch Zusammenwachsen der einzelnen Inseln, in einem rauen 
metallischen Film endet (zum Beispiel nach Abscheiden von 4 Monolagen Ru). Wiederum ist 
das Hinzudosieren von Sauerstoff maßgeblich verantwortlich für eine starke morphologische 
Änderung des abgeschiedenen Rutheniums. Bei typischen Ru(0001)-Einkristall 
Oxidationsbedingungen (680 K, 5·10−5 mbar O2, 30 min) wird die raue, metallische 
Rutheniumschicht umgeformt in einen glatten löchrigen Rutheniumfilm. XPS Messungen 
zeigen, dass dieser löchrige Rutheniumfilm durch eine chemisorbierte Sauerstoffphase 
stabilisiert wird. Damit ein deckendes RuO2 gebildet werden kann, muss die Dicke der rauen 
Rutheniumschicht erhöht werden (typisch 10 Monolagen). Das impliziert, dass eine 
metallische Rutheniumschicht vonnöten ist, welche als Pufferlage zwischen dem gebildeten 
RuO2 und der Goldoberfläche liegt, da angenommen wird, dass ein RuO2-film nicht stabil ist, 
wenn er direkt an eine Goldoberfläche gebunden ist. Um die Umwandlung der 
dreidimensional zusammengewachsenen Rutheniuminseln zu einem deckenden löchrigen 
Rutheniumfilm mit einer chemisorbierten Sauerstoffphase beschreiben zu können, wird ein 
Mechanismus vorgeschlagen. Dieser basiert auf den Beobachtungen in den Experimenten 
sowie den energetischen Verhältnissen, welche in der Youngschen Gleichung gegeben sind.  
Abschließend wird die generelle Anwendbarkeit der Youngschen Gleichung anhand 
verschiedener Beispiele in der Literatur validiert.  
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1. Introduction and Motivation 
 
1.1 Brief introduction into the field of gold catalysis  
 
Heterogeneous catalysis today is of central interest for the chemical industry. Estimations 
predict that about 80 % of all commercially produced chemical products involve catalysts 
(mainly heterogeneous catalysts) at some stage in the process of their manufacture.[1] In 2005 
catalyzed processes generated about 900 billion US Dollar in products worldwide.[2] 
Especially the platinum group metals and their oxides are used in manifold industrial 
applications, e.g. oxidation catalysts in exhaust emission or fuel cells.[3-8] Therefore research 
in catalysis is a major field in applied science to further improve the already applied catalytic 
processes.  
Due to the high complexity of the catalytic systems under real process conditions in industry, 
model systems are generally used to study one or two of the most important aspects of the 
system. To account for this well defined metal surfaces (i.e. single crystal surfaces) under 
controlled reaction conditions (usually HV to UHV-conditions)1, i.e. single elementary 
reactions of the more complex reaction mechanism are investigated. By such surface science 
studies it is possible to design clear cut experiments to investigate and improve the properties 
of the catalyst systematically.  
Generally, the development of equally active and selective catalysts is of great interest. 
Starting from the same reactant, activation energies for different reaction paths may 
sometimes differ by less than 1 eV in the field of heterogeneous catalysis[9], thus making it 
difficult to accomplish a combination of high catalytic activity and selectivity by noble metal 
catalysts.[10,11]   
Since the discovery of catalytically active and selective gold nanoparticle catalysts by Haruta 
et al. manifold research was performed in the field of gold catalysis.[12-14] The unique catalytic 
activity and selectivity of gold catalysts is described in various review articles within the last 
two decades.[15-19] Using the CO oxidation as a model reaction in surface science, different 
properties have been proclaimed to be responsible for the high activity of the gold 
nanoparticle catalysts. These properties are the following: the gold nanosize effect[20-29], 
influence of the substrate at the interface[25,27,30-32], electronic effects like charge 
transfer[20,21,33-37] and the oxidation state of the gold nanoparticle.[16,17,27,38-42] 
                                                 
1
 HV: High vacuum regime: 10−9 – 10−3 mbar. UHV: Ultra-high vacuum regime: 10−12 – 10−9 mbar. 
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• The nanosize effect of gold nanoparticles towards CO oxidation is displayed by an 
increase in reactivity with decreasing size of the gold nanoparticles, with the highest 
reactivity at a cluster size of 2 nm.[20-27] Gold nanoparticles larger than this 2 nm 
have shown less catalytic activity towards CO oxidation for a broad operating 
pressure range of O2 and CO: experiments conducted at UHV conditions[20,23,24] and 
at ambient pressures (mbar region).[27] Beside the size of the nanoparticles the 
morphology of the gold catalyst is equally important.[25,26,28,29] The group of 
Goodman et al. described a flat gold bilayer film on the TiO2(110)/Mo(112) surface 
that is as active as deposited gold nanoparticle catalysts. This activity is explained 
by the unique structure of the gold bilayer, which consists of a high number of 
undercoordinated gold atoms.[20-22,28] 
• The influence of the substrate towards the reactivity has also been elucidated: Gold 
nanoparticles deposited at reducible metal oxides (e.g. TiO2, CeO2) show a higher 
catalytic activity than nanoparticles deposited on non-reducible metal oxides (e.g. 
Al2O3, SiO2).[25,27,30-32,43] Experiments and calculations showed that oxygen defects 
in the metal oxide substrate at the interface perimeter sites facilitate the O2 
adsorption and dissociation during the CO oxidation.[44-47] The interplay between 
oxygen vacancies and undercoordinated gold atoms at these perimeter sites are 
assumed to be responsible for the high activity of gold.[41,48,49]  
• Electronic effects like the charge transfer from the gold valence orbitals to the π* 
molecular orbital (LUMO)2 of O2 is also a central aspect in the catalytic activity of 
gold.[20,21,33-37] An increased electron density in gold atoms induced by charge 
transfer from the underlying substrate to the gold atoms, again supports the influence 
of the underlying substrate.[20,21,33-35] Also the morphology of the gold catalyst is of 
importance in this context. Charge transfer from the substrate to undercoordinated 
gold atoms is assumed to be crucial for the O2 splitting and therefore for the gold 
activity.[20,21,36,37]  
• The oxidation state of gold during the CO oxidation is probably the most 
controversial issue. Besides Au(0), Au(I) and Au(III) also anionic gold has been 
reported to be responsible for the high catalytic activity.[16,17,27,38-42] It has been 
pointed out that the oxidation of gold using atomic oxygen enhances the catalytic 
activity, with chemisorbed oxygen on metallic gold being more active than a surface 
gold oxide species.[16,27,31,38-40] In contrast, partially oxidized gold particles have 
                                                 
2
 LUMO: Lowest unoccupied molecular orbital 
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been reported to be the active species during CO oxidation.[17,41,42] So even for 
oxidized gold species the most active one for CO oxidation has not been clearly 
identified yet.  
 
Altogether, manifold research was carried out to clarify the influence of each of these 
properties on the high catalytic activity of gold nanocatalysts. Despite this intensive work the 
most active gold species for the CO oxidation remains still elusive. However, the dissociation 
of O2 is concordantly determined as the crucial step in CO oxidation due to the generally high 
dissociation energy of O2 on gold.[16,24,33,34,50] Undercoordinated gold atoms are determined to 
play a key role in oxidation reactions[20,21,26,28,29,33,34,36,44,51-53] because the dissociation energy 
of O2 gets significantly lowered.[44,50,54]  
The availability of undercoordinated gold atoms is also important for CO. Compared to 
(atomically) flat gold single crystal surfaces, it was shown that CO predominantly binds to 
undercoordinated gold atoms at highly stepped surfaces due to a higher binding 
energy.[52,53,55] It is pointed out that the overall interaction between the gold catalyst and the 
CO depends less on the size of the gold nanoparticles but more on the total number of 
undercoordinated gold atoms.[53]  
In summary, the catalytic activity of gold catalysts correlates to the availability of 
undercoordinated gold atoms. Besides a well chosen morphology of gold catalysts (e.g. small 
gold nanoparticles with size of 2 nm or the gold bilayer system), the oxidation of gold also 
leads to a higher number of undercoordinated gold atoms.[36,39,40,51,56-61] 
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1.2 Oxidation of gold surfaces 
 
Bulk gold is known as one of the least reactive chemical elements. The oxidation of gold 
using molecular oxygen can hardly be achieved and harsh oxidation conditions are necessary 
like very high temperatures (usually 500 – 800 °C) and oxygen pressures (up to 1 bar).[56,62-65] 
Quite contrary is the oxidation behavior of gold towards atomic oxygen. By dosing atomic 
oxygen towards a gold surface it is possible to oxidize gold at lower temperatures (below 200 
K).[66,67] Even at very low temperatures as 28 K, gold oxide on Au(110) has been formed by 
electron bombardment of physisorbed oxygen layers.[68,69] Recent studies showed that a 
catalytic inactive gold single crystal surface can be activated by oxidation of atomic 
oxygen.[16,30,40,60,66,67,70] Although the oxidized gold surfaces revealed a higher activity 
towards CO oxidation and a higher O2 dissociation probability, it is not clear whether the 
oxidized gold surface can sustain a catalytic cycle in oxidation reactions, thus only proving a 
transient activity so far.[40,51,66]  
The oxidation of gold single crystal surfaces has been investigated using a large variety of 
atomic oxygen sources, i.e. exposure of ozone, thermal dissociation of O2 using hot filaments, 
O+ sputtering, radiofrequency-generated plasma source, coadsorption of NO2 and H2O and 
electron bombardment of NO2.[16,32,36,58,59,64,66,70,71-77] Depending on the source of atomic 
oxygen, the oxidation of the gold surface can change significantly, leading to different 
morphologies and oxidized gold species.[16,55]  
Friend et al. systematically investigated and characterized several oxidized gold species that 
are formed during the oxidation of a Au(111) single crystal surface by exposure of ozone at 
200 and 400 K, respectively.[66] At 200 K and lower oxygen coverages (< 0.5 ML) a 
chemisorbed oxygen phase is formed with the oxygen sitting in the 3-fold hollow sites of the 
Au(111) surface. At higher coverages (> 1 ML) a three-dimensional bulk oxide phase is 
formed alongside with subsurface oxygen. If the oxidation of the Au(111) surface is done at 
400 K, a two-dimensional surface oxide is formed instead of a chemisorbed oxygen phase.[66] 
Further investigations showed that oxidation of Au(111) at different temperatures and dosages 
of atomic oxygen leads to coexisting phases of surface oxide, chemisorbed oxygen and 
subsurface oxygen species.[39,57] The surface oxide is preferentially formed at higher 
temperatures and higher oxygen exposures, while the chemisorbed oxygen phase is usually 
prepared at lower temperatures and oxygen dosages.[39,57] 
The oxidation of the Au(111) surface can be briefly summarized in the following steps: 
Fracturing of the herringbone superstructure towards the linear arrangement of the 
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herringbone soliton walls, extraction of single gold atoms from the surface and roughening of 
the surface  accompanied by further accumulation of undercoordinated gold atoms on the 
surface.[36,39,40,51,57-61] The adsorbed atomic oxygen has shown to stabilize undercoordinated 
gold atoms that are formed during the oxidation of gold surfaces.[36,61] This explains the 
roughening of gold surfaces during oxidation, especially if no gold oxides are formed. 
The undercoordinated gold atoms, which are released from the gold surface, form mobile 
AuO2 species that either diffuse across the surface or rearrange to structures like the surface 
oxide on Au(111).[39,57] The mobile AuO2 species has been investigated by DFT, and a linear 
O-Au-O[78] as well as a angulated O-Au-O[38,39,57] as the mobile precursor structure have been 
proposed.  
The oxidation of the Au(110) and Au(100) surfaces is similar to the oxidation of Au(111), if 
thermally cracked oxygen or O2 sputtering is used as source of atomic oxygen.[50,60,65,68,69,79] 
In summary: The oxidation leads to the removal of the surface reconstruction of the Au(110) 
and Au(100) surfaces, which is followed by the extraction of single gold atoms and the 
formation of various oxidized gold structures. Depending on the amount of dosed atomic 
oxygen a chemisorbed oxygen phase, a surface oxide, subsurface oxygen and bulk oxygen 
can be produced.[68] The importance of the atomic oxygen source becomes evident, if ozone is 
used to oxidize the Au(100) surface. Because the O3 molecule cannot dissociate on the 
Au(100) surface, no chemisorbed oxygen phase or oxide formation has been observed.[55]  
In general, from all metastable bulk gold oxide structures the well described Au2O3[80,81] is 
known to be the most stable one.[36,63]  
The stability of Au2O3 critically depends on the environment of the oxide.[68,72,73,80,82] It easily 
decomposes by either applying higher temperatures (> 390 K)[63,68] or exposing the oxide to 
air for several hours[72]. Calculations and experiments were conducted to solve the pathway of 
the oxide decomposition, because decomposition products like Au2O are considered to be a 
reactive species in oxidation reactions.[80] 
The thermal decomposition of oxidized gold surfaces is summarized in table 1.2-1 showing 
the differently formed gold-oxygen species and the correlating desorption temperatures, 
obtained from thermal desorption spectroscopy (TDS) experiments. 
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Table 1.2-1: TDS data for the thermal decomposition of various oxidized gold surfaces in literature. 
Oxidation conditions Formed oxidized gold species TDS: Tmax Reference 
Au(111), O2 at high T 
and p 
Bulk Au2O3 413 K 62,63 
Au(111), NO2, e− 
bombardement 
chemisorbed oxygen 550 K 51 
Au(111), O2 sputtering 
Au2O3 
chemisorbed oxygen 
390 K 
590 K 
68 
68 
Au(111), multilayer 
O2, e− bombardement 
Surface gold oxide 
chemisorbed oxygen 
490 K 
590 K 
69 
69 
Au(111), ozone chemisorbed oxygen 520-550 K 71 
Au(111), ozone 
chemisorbed oxygen 
chem. O from lifted herringbone 
560 K 
590 K 
55 
55 
Au(111), thermally 
cracked O2 
chemisorbed oxygen 505-535 K 79 
Au(211), ozone 
chemisorbed oxygen from terraces 
chemisorbed oxygen from steps 
515-530 K 
540 K 
56 
56 
Au(311), ozone chemisorbed oxygen 560 K 55 
Au(100), O2 sputtering 
chemisorbed oxygen 
chem. O at undercoordinated Au 
subsurface oxygen 
bulk oxygen 
460 K 
550 K 
620 K 
720 K 
60 
60 
60 
60 
Au(100), thermally 
cracked O2 
chemisorbed oxygen 470 K 79 
Au(110), O2 sputtering 
Surface oxide 
chemisorbed oxygen 
subsurface oxygen 
bulk oxygen 
415 K 
545 K 
620 K 
750 K 
50,68 
50,68 
50,68 
50,68 
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Table 1.2-1: continued from previous page  
Oxidation conditions Formed oxidized gold species TDS: Tmax Reference 
Au(110), thermally 
cracked O2 
chemisorbed oxygen 590 K 65 
Polycrystalline Au, 
thermally cracked O2 
chemisorbed oxygen 670 K 83 
 
Besides the oxidation of single crystal surfaces the oxidation of gold nanoparticles deposited 
on reducible metal oxides has been investigated.[32,64,70] It could be shown that both the 
formation and the thermal stability of the Au2O3 on gold nanoparticles correlates with the size 
of the gold particle.[32,74] The oxidation rate of smaller nanoparticles is usually higher but the 
stability of gold oxide decreases with decreasing size nanoparticle.[32,70,74] An exception are 
the Au55 nanoparticles that show an inertness towards oxygen plasma.[74] Nanoparticles larger 
than Au55 (~ 1.4 nm) are stated to form a core shell structure containing of a gold oxide shell 
covering the metallic core upon oxidation in oxygen plasma.[74] In addition to the nanoparticle 
size, the supporting material (e.g. TiO2) is also important for the stability of the formed gold 
oxide shell. For instance, defects or vacancies in the supporting reducible metal oxide induce 
the reduction of the oxide shell by oxygen transfer from the gold oxide to the support.[32,64]  
As described before oxidized gold surfaces show a high activity towards CO 
oxidation.[30,40,60,66,70] Based on these investigations oxidized gold catalysts have already been 
used  to study other oxidation reactions like the partial oxidation of propene, the selective 
oxidation of styrene or oxidative coupling reactions.[39,79,84-88]  
The purpose of this dissertation is to investigate the morphology of (ultra-)thin gold and 
ruthenium structures and their morphologic changes upon oxidation and reduction at variable 
temperatures. These morphologic changes will then be elucidated on the basis of the 
heterogeneous nucleation and epitaxial growth theories. 
In the first part of this dissertation the growth of thin gold islands and films was thoroughly 
investigated by scanning tunneling microscopy (STM) and photoelectron spectroscopy (XPS). 
Gold was deposited by physical vapor deposition (PVD) on a Ru(0001) single crystal surface, 
which was chosen as the substrate. A well-defined epitaxial growth of gold, with [111] 
orientation, on the ruthenium substrate occurs due to the small lattice misfit between Au(111) 
and Ru(0001). Therefore Au grown on Ru(0001) is an ideal model system to study the 
morphologic changes of thin gold structures under oxygen exposure and to compare their 
resulting morphology to the literature, i.e. oxidized Au(111) surfaces. The oxidation was 
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accomplished by using atomic oxygen from a thermal gas cracker as the oxygen source. 
Within these experiments, the surface was always kept at room temperature due to the thermal 
instability of oxidized gold structures. After oxidation of the thin gold islands (and films) the 
redox chemistry of the oxidized gold was investigated by CO reduction as well as CO 
oxidation experiments. To adequately describe and explain the growth of gold on Ru(0001) 
and to explain the morphologic changes upon oxidation and reduction, an overview on the 
theory of heterogeneous nucleation and epitaxial growth will be given.  
In the second experimental part of this dissertation the growth of thin ruthenium films on a 
Au(111) single crystal surface was investigated. In a first step the deposition of Ru by PVD 
on the gold surface was examined, followed by oxidation of the deposited ruthenium by O2 at 
higher temperatures (~ 680 K). Compared to its counterpart (Au/Ru(0001)) from the first 
experimental section, the growth of Ru on the Au(111) surface has been barely investigated 
under UHV conditions.[89,90,91] Therefore the focus on these investigations was to 
systematically grow and oxidize thin ruthenium films on the Au(111) surface. Based on these 
experiments the growth of Ru on the Au(111), especially its morphology (before and after 
oxidation) were characterized and explained by the theory of heterogeneous nucleation and 
epitaxial growth. 
Finally the general applicability of the presented theory of heterogeneous nucleation and 
epitaxial growth will be evaluated by a brief overview of studied growth behaviors of various 
systems in literature. From these systems, three examples were chosen to validate the 
applicability in more detail:  
(1) Metals deposited on TiO2(110) 
(2) The growth of RuO2 on TiO2(110)  
(3) The growth of RuO2(110) on Ru(0001), i.e. the oxidation of Ru(0001) by O2 at 680 K. 
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2. Experimental setup and applied methods 
 
2.1 The STM chamber setup 
 
Experiments were performed in a home-built ultrahigh vacuum (UHV) chamber system 
consisting of three separable chamber parts, which are the scanning tunneling microscopy 
(STM) chamber, the main chamber for preparation and analysis and the loadlock (high 
pressure chamber). The basis pressure of this three chamber system is about 2·10−10 mbar. A 
detailed description of the whole UHV chamber system is given somewhere else.[92] 
Nonetheless, a brief summary of the used chamber setup will be given in the following. The 
figures 2.1-1 and 2.1-2 show technical schemes of the UHV chamber system setup. In the 
STM chamber part (Chamber part (3) in figure 2.1-1) variable temperature scanning tunneling 
microscopy (VT-STM, Omicron) and scanning tunneling spectroscopy (STS) measurements 
can be done. A vibration damping system is used in the STM to improve the quality of the 
STM imaging.  
In the main chamber (1) analysis by x-ray photoelectron spectroscopy (XPS) can be 
performed. For physical vapor deposition (PVD), two e-beam evaporators ((9) and (10), cf. 
figure 2.1-1)3 are attached to the main chamber loaded with gold and ruthenium, respectively. 
Also attached to the main chamber are a sputter gun (11) for sample cleaning, a quadrupole 
mass spectrometer ((12) QMS Pfeiffer Vacuum) for residual gas analysis, a dual x-ray anode 
(14) and hemispherical analyzer ((13) PSP Vacuum Technology) for XPS measurements and 
a thermal gas cracker (not shown, Oxford Applied Research) that is used to produce atomic 
oxygen (cf. figure 2.1-2). A more detailed description of the evaporators and the thermal gas 
cracker will be presented in the chapters 2.2 and 2.3. The sample temperature is measured 
with an infrared (IR) pyrometer, which was calibrated with a K type thermocouple. 
The main chamber is separated from the STM chamber and the loadlock (5) via two gate 
valves ((7) and (8), cf. figure 2.1-1). The pumping system of the main chamber consists of a 
titanium sublimation pump (19), an ion getter pump (16) and a magnetically levitated 
turbopump (17) (cf. figure 2.1-2). Together with the smaller ion getter pump from the STM 
chamber ((18) in figure 2.1-2) the magnetically levitated turbopump and the ion getter pump 
from the main chamber are able to maintain the UHV during the STM measurements without 
introducing vibrational noise.  
                                                 
3
 e-beam evaporators: EMF 3 e-beam evaporator from FOCUS and e-flux mini e-beam evaporator from tectra. 
 10 
Linked by a gate valve a gas line with various gases (e.g. Ar, O2, H2O, CO, borazine) is 
connected to the main chamber. Each gas type can be dosed very precisely though a leak 
valve. The gas line is also connected to the loadlock via a gate valve, so experiments in the 
main chamber and also in the loadlock are possible. The pressure range for experiments in the 
loadlock ranges from UHV to the mbar region, if all gate valves are closed and the loadlock is 
used as a batch reactor. The most important function of the loadlock is the possibility to open 
it to the atmosphere, while maintaining the UHV in the main chamber and the STM chamber. 
Thereby STM-tips and samples can be exchanged, inserted or removed from the chamber 
system very easily and without interfering the daily experimental work in the other two 
chamber parts.  
The sample transfer system is highlighted in figure 2.1-1 (red chamber parts), which consists 
of a transfer rod (6) (transfer from loadlock to main chamber), two manipulators ((2) and (4)) 
and a wobble stick for the sample handling in the STM chamber. Sample annealing on the 
manipulators is done by boron-nitride resistant heaters. With these resistant heaters 
temperatures up to 1150 K are applied to the single crystal samples. The single crystal 
samples used in this work are adapted Ru(0001) and Au(111) crystals (MaTecK GmbH) with 
a hat-like form (cf. figure C1-1, appendix C). With a modified sample holder setup these hat-
like single crystals could be fixed, thus reducing possible vibrations. Also the direct contact to 
the BN resistant heater ensured better annealing possibilities. The top sides of hat-like single 
crystal surfaces have an area of 3 mm x 4 mm, which were analyzed by STM and XPS, 
measurements. The purity of the Au(111) and the Ru(0001) single crystals is 99.99 %, 
respectively.  
Cleaning of the Ru(0001) single crystal was performed by cycles of cold sputtering (p(Ar) = 
1·10−6 mbar, 15 min at room temperature) with subsequent annealing to 900 K in oxygen 
(~1·10−7 mbar O2, 30 min). The oxygen treatment is necessary to oxidize carbon impurities 
that segregate on the sample surface during the annealing.  
The cleaning of the Au(111) single crystal surface is similar to the cleaning of the Ru(0001) 
surface and was also done by cycles of argon sputtering and annealing in oxygen. However if 
ruthenium was deposited on the Au(111) surface usually longer sputtering times (up to 6 
hours) were necessary due to the relatively strong ruthenium-ruthenium binding and the 
relatively high hardness of bulk ruthenium.[93]  
Gold (or ruthenium) deposition was carried out by electron beam physical vapor deposition[94] 
of a gold (ruthenium) source (MaTecK GmbH). The purity of the metal sources was > 99.95 
%. The amount of the evaporated metal is monitored and controlled by an ion flux controller. 
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With a certain setting of ion flux and time it is possible to reproducibly prepare metal islands 
or films on the surface of the deposition target. The total amount the deposited material (gold 
or ruthenium) was accurately analyzed and determined by STM images and validated by XPS.  
During deposition, the single crystal temperature was kept at ≥ 620 K. Below that threshold 
temperature the deposited metal starts to form clusters on the surface. This evidently shows 
that the system did not attain thermodynamic equilibrium during the deposition process. A 
more general explanation for the growth of metal clusters at lower temperatures is given in 
chapter 3.3.3, where the epitaxial growth far away from thermodynamic equilibrium will be 
described. 
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Figure 2.1-1: Top view on the schematic STM chamber setup. The larger illustration gives an 
overview on the sample transporting system (highlighted in red) and the three-chamber setup with 
their separation by gate valves: (1) Main or analysis chamber, (2) main chamber manipulator, (3) 
STM chamber including the STM stage, (4) loadlock manipulator, (5) loadlock or high pressure 
chamber, (6) transfer rod, (7) gate valve between loadlock and main chamber, (8) gate valve between 
STM and main chamber. The smaller schematic illustration shows the positions of the used 
evaporators for gold and ruthenium deposition: (9) e-beam evaporator for gold, (10) e-beam 
evaporator for ruthenium. Figure modified from [92]. 
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Figure 2.1-2: Schematic view on the STM chamber setup, thus showing the arrangement of the used 
analytics and the pumping system. (1) Main or analysis chamber, (2) main chamber manipulator, (3) 
STM chamber, (8) gate valve between STM and main chamber, (11) sputter cannon, (12) quadrupole 
mass spectrometer, (13) XPS analyzer, (14) dual anode x-ray source, (15) flange for CCD camera, 
(16) ion getter pump, (17) turbomolecular pump, (18) ion getter pump, (19) titanium sublimation 
pump. Figure modified from [92]. 
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2.2 The thermal gas cracker 
 
Dissociation of gas molecules yielding atomic fragments can be achieved by many ways, one 
of them being thermal excitation.[95] The most common and easiest available method for 
thermal cracking is using a hot tungsten filament as the heat source.[96,97] This is however 
problematic for reactive gases like oxygen or chlorine, which would damage the filament in a 
matter of seconds. Because of this a different cracker design was needed. The result was the 
thermal gas cracker TC50 manufactured by Oxford Applied Research.[96] 
The idea behind this thermal gas cracker is to choose material which on the one hand is able 
to dissociate the introduced gas but on the other hand is also inert towards the dissociated 
gases and the damage that might be caused by them, even at higher temperatures. In this 
TC50 thermal gas cracker the gas is channeled through a thin capillary made of iridium. The 
gas is leaked into the Ir capillary of the cracker through a standard leak valve which is 
connected by a CF16 flange to the cracker tubing. The capillary is heated by an electron 
bombardment mechanism. For this purpose two tungsten filaments coated with thorium oxide 
are placed at either side of the capillary. By applying high voltage (1000 V) between the 
filaments and the iridium capillary, the emitted electrons are accelerated towards the capillary. 
Figure 2.2-1 gives a schematic illustration of the TC50 thermal cracker setup. To reduce the 
heat load on the UHV chamber generated by the hot capillary, the entire system is cooled by a 
copper block heat sink, which in turn is cooled by water. The temperature of the iridium 
capillary can be regulated by the deployed power (≤ 60 W). Because the acceleration voltage 
is constant, the power depends solely on the number of impacting electrons and by this 
relation on the applied heating current of the filament.  
  
Figure 2.2-1: Schematic drawing of the thermal gas cracker setup. Figure taken from [96]. 
 
The cracking efficiency (C.E.) depicts how much of the channeled gas is thermally 
cracked.[97] It is determined by the parent molecule loss method using a common Pfeiffer 
Prisma 200 quadrupole mass spectrometer (QMS).[97,98] Because the atomic products of the 
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cracked gas react with the chamber walls, they are permanently lost from the QMS signal of 
the parent molecule (i.e. in the case of this thesis only O2). The drop in QMS signal after 
switching on the cracker can therefore be related directly to the C.E. In practice this means 
that the partial pressure of the parent molecule in the gas chamber was tracked with the QMS 
Prisma 200 and controlled by the Quadstar software suite. The cracking efficiency then is 
given as: 
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With pi,off being the partial pressure of O2 that is leaked into the chamber beforehand and pi,on 
being the partial pressure after the gas cracker is switched on. Ii,off and Ii,on are the 
corresponding ion currents measured by the QMS. 
To guarantee a stable exposure of atomic oxygen several precautionary experimental 
procedure steps were done. First the sample was brought into position in front of the thermal 
gas cracker. Then the sample was turned away, thus exposing the backside of the manipulator 
towards the thermal gas cracker and not the sample itself, until a stable oxygen pressure and a 
stable C.E. was obtained. Only with a stable C.E. and therefore a stable gas beam, containing 
the atomic oxygen, the sample was exposed to the front of the thermal gas cracker. With this 
protocol a high reproducibility for all oxidation experiments could be achieved. 
The generated atomic species by the TC50 from O2 are throughout this work referred to as O´. 
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2.3 Electron beam evaporator 
 
Epitaxial film growth can be achieved by various methods: physical vapor deposition (PVD), 
chemical vapor deposition (CVD), atomic layer deposition (ALD), pulse laser deposition 
(PLD), molecular beam epitaxy (MBE) and sputtering deposition (SD). For deposition and 
growth of metal or oxide films, PVD is a widely used method to produce well defined ultra-
pure films.[99,100] 
Standard electron beam evaporators, like the EMF 3 manufactured by FOCUS4 or the e-flux 
mini e-beam evaporator from tectra, are used in high or ultrahigh vacuum systems.[99,100] 
Figure 2.3-1 schematically illustrates the setup of the EMF 3 evaporator. 
 
 
Figure 2.3-1: Schematically illustration of the EMF 3 evaporator (FOCUS). Figure modified from 
[99]. 
 
In PVD the material, that is supposed to be deposited, is vaporized into the gas phase. From 
various possibilities to evaporate the deposition material (like sputtering or annealing in a 
Knudsen cell) the simplest way for metal evaporation is it’s annealing by emitting electrons 
towards the deposition material (electron bombardment). The deposition materials are usually 
                                                 
4
 Subsidiary company of Oxford Instruments. 
 17 
mounted as a rod or are placed in a crucible. Applying high voltage between the deposition 
material and the filament induces the emission of electrons from the nearby tungsten filament 
towards the deposition target, thus leading to its annealing. When the material is evaporated a 
small amount of it gets ionized. These ionized atoms are monitored and repelled back into an 
ion suppressor to determine the flux rate of the deposition material and to avoid damage to the 
substrate by the ionized atoms.[99,100] 
For the gold deposition experiments a gold sheet with a purity of 99.95 % (MaTecK GmbH) 
was mounted in a tungsten crucible of the EMF 3 evaporator. Typical evaporation conditions 
were an applied high voltage of 880 V and an emission current of 16-19 mA between the 
filament and the crucible (heating power ~ 14 to 17 W). Ruthenium was evaporated from the 
e-flux mini e-beam evaporator from mounted ruthenium rods that had a purity of 99.95 % 
(MaTecK GmbH). Typical evaporation conditions for ruthenium were an applied high voltage 
of 1.2 kV and an emission current of 35 mA. Compared to gold, a significant higher heating 
power for ruthenium (~ 41 W) is necessary for its evaporation into the gas phase. 
It has to be mentioned that due to different possible setups and positions of the evaporators 
towards the target sample the total amount of deposited material and the exact deposition rate 
had to be determined ex situ. In this work this was accomplished by statistical analysis of 
STM pictures of the deposited material in the sub-monolayer region combined and verified 
with the integrated intensity of the corresponding XPS signals.  
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2.4 Scanning tunneling microscopy (STM) 
 
Scanning tunneling microscopy (STM) is an imaging technique used in surface science. Its 
possibility to resolve single atoms makes it a powerful tool to investigate various systems and 
processes at the atomic level, if conducting and semiconducting materials are used as 
samples. The essential phenomenon behind STM is the quantum mechanical tunneling 
effect.[101,102] This effect stems from the fact that the wave function of a particle does not 
abruptly fell to zero at a potential barrier with an energy higher than the particle energy. 
Instead the wave function decays exponentially in it. If it has not decayed to zero when it 
reaches the other end of the potential barrier it oscillates on the other side with reduced 
amplitude. This is shown in figure 2.4-1. The particle corresponding to the wave function 
therefore can "tunnel" through the potential barrier despite lacking the energy needed to pass 
it under classical conditions. 
 
 
Figure 2.4-1: Tunneling of a wavefunction from a potential free zone I to another potential free zone 
III, through a potential II. Upon reaching the potential, the wavefunction decays exponentially. If the 
amplitude is sufficient, the wavefunction can start to oscillate again after leaving the potential. Figure 
modified from [92]. 
 
In STM this effect is exploited by placing a metal tip very close (Angstrom scale) to a 
conducting sample and applying a voltage between sample and tip.[103,104] The electrons are 
then able to tunnel between sample and tip (the potential barrier). Depending on the Fermi 
level of the conducting surface, the applied voltage determines the direction of the tunneling 
current, i.e. directed current from tip to surface (positive bias voltage applied to the sample) or 
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directed current from the surface to the tip (negative bias voltage applied to the sample) (cf. 
figure 2.4-2). The tunneling current then is defined as a function of the sample to tip distance, 
the applied voltage and the local density of states (LDOS) of the surface and tip. The height of 
the potential barrier V0 is denoted as the work function Φ. The work function itself is defined 
as the energy that is necessary to excite an electron from the Fermi level (EF) to the vacuum 
level (EV).  
 
 
Figure 2.4-2: Dependence of the tunneling effect on the electron density of the sample. Figure 
modified from [105].  
 
Equation (2.4-1) shows the exponential dependency between the tunneling current It and the 
tip to sample distance s and the work function Φ. Given by this simplified expression the 
exponential decrease of the tunneling current by simultaneous increase of the tip to sample 
distance is elucidated. However this equation only shows the topograpic dependency of the 
tunneling current to the tip-sample distance. In STM also the electronic nature is equally 
important for the tunneling current, which will be further elucidated later.  
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The STM can be operated in two modes, keeping constant either the tip to sample distance or 
the tunneling current. The movement of the tip perpendicular to the surface (in constant 
current mode) or alternatively the profile of the tunneling current (in constant distance mode) 
are then directly proportional to the height profile and electronic density of the sample 
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surface. Therefore scanning the STM tip over the surface yields information of both in the 
resulting STM image: the morphology and electronic structure of the sample surface. 
The movement of the STM tip is controlled by piezoelectric crystals (cf. figure 2.4-3). With 
this instrumentation, atomic resolution can be achieved on single crystalline surfaces. 
Depending on the material that is investigated, different settings like the applied voltage and 
the scanning speed have to be chosen wisely. For the widely used tungsten tips in STM, it is 
necessary to consider different scanning settings for a clean metallic surface and an oxidized 
single crystal surface containing weakly bound oxygen. Figure 2.4-3 illustrates the STM 
imaging process. By moving the tip in x and y direction the surface is scanned. From the tip 
retraction in z direction, information of the sample topography and the sample LDOS is 
obtained. Based on the information of the control voltages (in constant current mode) of the 
piezo tubes an image of the scanned surface is generated, including the height information of 
the scanned objects. 
 
 
Figure 2.4-3: Schematic illustration of the STM imaging process. While the tip scans the surface in x 
and y direction, the movement of the tip in z-direction gives the height profile of the sample surface. 
The movement of the tip, i.e. the control voltages of the piezo tubes (x,y,z) is transferred into a three-
dimensional image of the sample surface. This image combines the information of the surface 
topography as well as its LDOS. Figure modified from [92]. 
 
As the magnified inset suggests, the tunneling current from the tip is mainly induced through 
only a few atoms. Using standard scanning settings of 1 V (electric potential), 1 nA (tunneling 
current) and a tip to sample distance of about 1 nm, huge tunneling current densities (up to 
105 A/mm2) and field intensities (~ 0.1 V/Å) are applied. These settings may lead to a local 
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annealing of the tip, which results in a higher reactivity of the tip material. These effects have 
to be considered during the measurement, where the tip material may strongly interact with 
the sample surface. For instance a tungsten tip may interact with an oxygen covered surface, 
thus reducing the tips stability. One possibility to avoid this problem is to use platinum tips. 
However their fabrication is more complicated and more expensive than their tungsten 
counterparts. Therefore tungsten tips are widely used in STM experiments. 
A detailed and theoretical description of the tunneling current in the STM was first derived by 
Tersoff and Hamman.[106,107] Here the tunneling current It is directly related to the LDOS of 
both the sample ρS and the STM tip ρT near the Fermi Level. By placing the metal tip very 
close to the sample the Fermi levels of such a conducting metallic system are aligned. As a 
result the electrons tunnel in both directions, giving a net tunnel current of zero. An applied 
electric potential U is able to shift the Fermi Levels of sample and tip so that electrons start to 
tunnel the potential barrier mainly in one direction to travel from occupied states in the 
sample to empty states in the tip and vice versa, depending on the algebraic sign of U. This 
gives rise to a net tunneling current. With this theoretical framework, Tersoff and Hamman 
derived their now widely used equation: 
 
( ) ( ) ( ) ( )
2
22.4,,,,
0
22 2
ts
m
eU
FtFs
m
s
t
   with
                                      dEeUEyxesyxI
m
Φ+Φ
=Φ
−+⋅+−⋅= ∫
Φ
−
εερερh
 
One should particularly note when looking at equation (2.4-2), that the tunneling current It is 
related exponentially to both, the distance s between sample and tip and the work function Φ. 
The convolution of the topographic (first factor: exponential function from eq. (2.4-2)) and 
the electronic effects (second factor: integral from eq. (2.4-2)) of the sample surface are also 
clarified.  
Because the tunneling current contains information on both, the topographic and electronic 
nature, the interpretation of STM pictures is not always straightforward. For example: atoms 
with a low electronic density can be depicted in the STM image as lying lower than atoms of 
the same geometrical height with higher electronic density. In constant current mode the 
retraction of the tip from higher lying atoms on the surface is depicted as brighter spots in the 
STM image, however this would only represents the surfaces topology. But the retraction of 
the tip also depends on the LDOS of the scanned surface. Above atoms with a higher LDOS 
the tip has to retract from the surface to keep the tunneling current constant. Contrary, for 
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atoms with a lower LDOS the tip has to approach to the surface to maintain a constant 
tunneling current. TiO2 is a well known example, where the electronic effects of the sample 
surface predominate in the resulting STM image.[108] The protruding oxygen atoms have a 
significantly lower LDOS compared to the lower lying Ti atoms. In the STM image the Ti 
atoms are shown brighter than the oxygen atoms, although it would be other way round if 
only the topography of the surface would be imaged. This example evidently illustrates that 
interpretation of STM images can become difficult. Still STM is one of the most powerful 
methods to identify and visualize different surface species and processes on the atomic scale 
and is therefore widely-used in surface science. 
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2.5 X-ray photoelectron spectroscopy (XPS) 
 
In surface science photoelectron spectroscopy (PES) is used to investigate the chemical 
composition (e.g. a pure substance or an alloy) and chemical nature (e.g. oxidation state) of a 
surface and its adsorbates.[109-112] The PES is based on the photoelectric effect described by 
Einstein in the early 19th century.[113,114] Herein high energetic, electromagnetic irradiation 
(typically x-ray irradiation) induces electrons to leave the surface. From the kinetic energies 
of these emitted photoelectrons it is not only possible to identify the chemical elements that 
are present in the surface, moreover the chemical nature of these elements, like its oxidation 
state or the element composition, can be determined, too.[109-112] The photoelectron 
spectroscopy was developed from Kai Siegbahn in the 1960ies for which he was honored (in 
1981) by the Nobel Prize in physics.[109] In the following years the PES adapted in surface 
science was named x-ray photoelectron spectroscopy because mainly soft x-ray irradiation is 
used.[111,114]  
In common laboratories usually x-ray sources with monoenergetic x-rays are used. The 
specific energy of the photons depends on the material used in the x-ray source. Widely used 
are the so called dual anode x-ray sources that contain of two different anode materials which 
are usually aluminium and magnesium5. In contrast, at synchrotron radiation facilities the x-
ray energy can be changed by monochromators from ~ 10 eV up to far over 1000 eV.[114] 
With a much higher photon flux at lower x-ray energies the XPS measurements at 
synchrotron facilities are much more surface sensitive. 
Figure 2.5-1A shows schematically the process of the electron emission of the x-ray source. 
With incoming photon energy hν, photoelectrons from the core levels of the irradiated 
materials can be generated. If the x-ray energy is higher than the sum of the binding energy of 
the atomic orbital EB and the work function φS of the electron towards the vacuum level (Evac) 
the photoelectron is emitted with a element specific kinetic energy Ekin. The kinetic energy of 
the detected photoelectron then only depends on the work function of the spectrometer φSpec. 
From the conservation of energy the following well known equation for the kinetic energy of 
the emitted photoelectrons can be derived:  
 
( )15.2 −−−=                                                                                                       EhE SpecBkin ϕν  
 
                                                 
5
 X-ray energies: Al-Kα1,2 with 1486,6 eV and Mg Kα1,2 with 1253,6 eV 
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Figure 2.5-1: A) Schema of the energetic processes and levels that are important for XPS. B) 
Development of XPS spectra. AE = Auger electrons, SE = secondary electrons. Figure modified from 
[110]. 
 
For conducting metals (and semiconductors) the Fermi level is usually used as the reference 
value due to the maximal kinetic energy or the lowest binding energy (EB = 0). The binding 
energy of the emitted photoelectron correlates to the difference of the energetic ground state 
(Ei(N)) of the atom, consisting of N electrons, and the excited energetic state of the atom after 
the emission of the photoelectron (Ef(N−1, n,l). The ground state is called initial state in XPS 
while the excited state is usually referred as final state. To a first approximation, the so called 
Koopmans´ theorem[115], no relaxation process of the remaining (N−1) electrons is assumed to 
occur during the emission of the photoelectron, thus leaving the ionized atom still in the 
energetic ground state of the neutral species. With this approximation the binding energy can 
be assigned to the negative orbital energy −ε(n,l) of the emitted photoelectron. The 
Koopmans´ theorem can then be expressed by:  
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However this approximation describes only inaccurately the binding energy, due to the so 
called initial state and final state effects. Due to fast relaxation processes of the remaining 
electrons (initial state effects) as well as correlation and relativistic effects (final state effects), 
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the orbital energies of the atoms change immediately after excitation of the photoelectron.[113] 
Therefore the binding energy has to be corrected by these specific terms: 
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A typical example for the initial state effect is the chemical state of an element, which 
depends on the chemical environment. The energy levels of the element are changed before 
the photo ionization, e.g. due to the chemical bonding to other elements where the valence 
electrons are involved. Because the outer (valence) electrons also have electron probability 
density near the atomic core, they weaken the electrostatic interactions between the protons 
and the inner (core) electrons. If chemical bonds are formed, this evidently changes the core 
level energies (orbital energy ε(n,l)) and therefore the measured binding energies by XPS. 
Typical examples for final state effects are the plasmon excitation or the electron-hole 
excitation. When the photoelectron moves out of a metallic surface, it can supply some of its 
energy to the plasmons. This plasmon excitation is usually visible by small hillocks, which 
are usually shifted by a few eV (≤ 10 eV) to higher binding energies compared to the metallic 
XPS signals. The electron-hole excitation is usually visible by the asymmetric shape of XPS 
signals. In this process the emitted photoelectron loses some of its kinetic energy by exciting 
another electron to the valence band, thus leaving a hole in the conducting band. Due to the 
energy loss the asymmetric shape of the metallic XPS signal is visible by a flank at higher 
binding energies as well as a slight increase of the background signal. 
Still, due to the unique orbital energies, it is possible to assign the uniquely kinetic energy (or 
binding energy) to a specific element. With the possibility to further investigate the oxidation 
state of the analyzed material, XPS has been proven to be an important method in surface 
science. The development of a XPS spectrum is schematically illustrated in figure 2.5-1B. 
After x-ray irradiation, photoelectrons are emitted from the surface. The amount of the 
detected photoelectrons is then plotted against the binding energy leading to a spectrum 
consisting of peaks at specific binding energies and intensities. From the binding energy of 
the photoelectrons it is possible to derive the orbital energy by using Koopmans´ theorem. 
From the exact position and the shape of the peaks it is possible to assign the chemical nature 
of the analyzed element. The intensity of the XPS signals (quantitatively) describes the 
amount of the specific element type in the sample. Often core level shifts between the same 
elements are very small, thus leading to an overlapping of XPS signals. To provide an 
adequate deconvolution such overlapped XPS signals, x-ray sources with a superior surface 
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sensitivity and resolution like synchrotron facilities may be necessary for quantitative analysis 
of the XPS data.  
Besides the peaks derived from the described photoelectron process, additional peaks are 
observable in the XPS spectra. These peaks are for instance related to relaxation processes 
like the Auger effect which are subsequent to the photoelectron emission.[116] After the 
removal of a core electron a hole state is created. Electrons from a higher energetic orbital can 
fall into the hole state by simultaneous release of energy. This energy can be released by 
either emission of another photon or by an excitation of a second electron, which is ejected 
subsequently. This ejected electron is called Auger electron. The kinetic energy of the emitted 
Auger electrons also gives specific information of the chemical nature of the atom due to 
element specific electron transfer during the Auger process. 
The surface sensitivity of XPS can be illustrated by the universal curve (cf. figure 2.5-2). 
While the x-rays can enter up to several micrometers into the material the escape depth of the 
emitted electrons depends on the mean free path through the material. With a kinetic energy 
of 100 – 1000 eV the mean free pathway of the emitted photoelectrons is approximately 3 to 8 
atomic layers of the material. Therefore emitted electrons from the bulk cannot leave the 
material. Only photoelectrons from the topmost atomic layers can leave the material, resulting 
in high surface sensitivity. 
 
Figure 2.5-2: The so called “universal curve” depicts the energy dependence of the mean free path 
(given in monolayers) of electrons in solids to show the surface sensitivity of a used method. Figure 
taken from [117].  
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3. Epitaxial growth and nucleation theory 
 
The deposition of metals and their growth on a substrate is usually a complex process. The 
description and explanation of the formed morphologies is not straightforward and much 
information about the system has to be gathered to adequately describe the observed growth 
behavior and structures. For this, the general theory of nucleation and growth is well known 
in literature: Variety of specialized books[118-124] and review papers[125-135] have already been 
published to present an overview of mechanisms in the theory of homogeneous and 
heterogeneous nucleation as well as in the field of epitaxial growth. Based on these general 
descriptions more specialized growth models have been derived to explain the observed 
growth behaviors.[128,136,137]  
This chapter will be subdivided into a general introduction of nucleation theory, starting with 
the homogeneous nucleation and the heterogeneous nucleation. Afterwards an introduction 
into the theory of epitaxial growth will be given. The author of this dissertation used the 
knowledge of the specialized books and the review papers to briefly summarize these general 
concepts.[118-135]  
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3.1 Homogeneous nucleation 
 
Nucleation describes the phase transition of a material or element by the formation of small 
(hemi-)spheres, e.g. the formation of water droplets in a moisture atmosphere. The term 
nucleation is also widely used by the structural arrangement of smaller elements or molecules 
into larger particles or clusters. Generally nucleation is divided into homogeneous nucleation 
and heterogeneous nucleation. The homogeneous nucleation describes the transition without 
the influence of a surface. A common example is the formation of water droplets in gas phase 
from H2O molecules. In heterogeneous nucleation a surface or interface is always involved in 
the nucleation process.  
In the following the theory of homogeneous nucleation will be illustrated by the simple 
example of spontaneous formation of liquid droplets in a gas phase.[118-124] 
Starting from a phase transition between gas and liquid the Gibbs free energy is given by: 
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The quotient p/peq determines if the formed droplet is re-evaporates or grows by accumulating 
more molecules or atoms (depending on the material) from the gas phase: 
 p > peq      accumulation from gas phase favored 
 p < peq      evaporation favored 
Considering the formation and stability of small spherical liquid droplets the surface free 
energy plays an important role for formation of these droplets. The Gibbs free energy changes 
to: 
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The total free energy decreases with the formation of bulk (first summand) on the one hand 
and it increases with the formation of a surface (second summand) on the other hand. If the 
formed droplets are spherical, their volume can be described by: 
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By introducing the molar volume (Vm), equation (3.1-3) can be expressed by the amount of 
substance: 
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Therefore equation (3.1-2) changes to: 
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Equation (3.1-5) clearly demonstrates that the formed droplets are not stable for any size: For 
a small radius the surface free energy increases faster than the free energy term for bulk 
formation. Only by exceeding a certain radius the formed droplets will become stable. This 
radius is called the critical radius of a droplet. Figure 3.1-1 illustrates the total free energy 
plotted against the droplet radius. 
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Figure 3.1-1: Total free-energy change, totalG∆ , of a particle as a function of its radius r and the 
change of its surface and volume free energy as a function of r.  
 
As can be seen from figure 3.1-1 the total free energy of the droplet increases to a critical 
radius rcritical where the total free energy reaches its maximum ( maxG∆ ). If the formed droplets 
attain the critical size (or critical radius) they become stable and can grow further. If the 
formed droplets do not overcome the critical size they are not stable and evaporate again. The 
critical radius of a droplet can be calculated by differentiation of ∆Gtotal (equation (3.1-5)) 
with respect to the radius: 
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When the total free energy reaches its maximum ( ( ) 0/ =∂∆∂ rGtotal ) r becomes the critical 
radius. Rewriting equation (3.1-6) leads to the description for the critical radius: 
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Inserting equation (3.1-7) in equation (3.1-5) maxG∆  is given by: 
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By including the Clausius-Clapeyron relation in equation (3.1-7) the temperature dependency 
of the critical radius can be shown: 
 
( ) ( ) ( )91.3
22
11
2
11
2
ln
2
−
−⋅∆
⋅⋅⋅
−=
−⋅∆
⋅⋅⋅
=








−⋅∆⋅⋅
⋅⋅⋅
=








−⋅
∆
⋅
⋅⋅
=








⋅
⋅⋅
=
                                                                      
TTH
TV
TTH
TV
        
  
TT
HTT
TV
TTR
H
RT
V
p
pRT
V
r
eqm
eqm
eqm
eqm
eq
meq
eqm
eq
m
m
eq
m
critical
σσ
σσσ
 
 
Therefore the expression for the total free energy changes to: 
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The temperature dependent descriptions of the total free energy (3.1-10) and the critical radius 
(3.1-9) are used to explain a fundamental behavior in nucleation (assuming that σ  and mH∆  
are approximately temperature independent): 
For small values of Teq−T, the critical radius of the nucleus increases as well as its 
maximum total free energy. 
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3.2 Heterogeneous nucleation 
 
In the following the heterogeneous nucleation will be elucidated by the formation of a liquid 
droplet on a solid surface by condensation from the gas phase.[118-124] This general model is 
valid for various nucleation processes. Figure 3.2-1 shows a schematic illustration of a liquid 
droplet on a solid surface. The involved interfacial tensions that determine the nucleation 
process are indicated. 
 
 
Figure 3.2-1: Definition of the contact angle θ at the solid-liquid interface: With increasing contact 
angle the surface area between the liquid and the gas phase increases as well. Therefore the size of 
the formed droplet on the solid surface is related to the contact angle at the solid-liquid interface. 
Related to that are the interfacial tensions between the different interfaces: σsg (at the solid-gas 
interface), σlg (at the liquid-gas interface), σsl (at the solid-liquid interface). 
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The relationship of the contact angle of the condensing liquid droplet with the interfacial 
tensions is given by the well known Young’s equation6: 
 
( ) ( )12.3coslg −⋅+=                                                                                                       slsg θσσσ  
 
Similar to the critical radius and Gibbs free energy in homogeneous nucleation it is possible 
to derive the analogous equations in heterogeneous nucleation. A detailed description of the 
derivation for the critical nucleus and the Gibbs free energy of a stable liquid droplet on a 
                                                 
6
 Also known as Young’s relation. 
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solid surface are given in the appendix A. The critical radius and the Gibbs free energy for the 
heterogeneous nucleation process are: 
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S(θ) is called as the catalytic factor that describes the catalytic potential of the substrate with 
respect to the nucleation process. Its values range between 0 and 1. Therefore the simplified 
relation between homogeneous nucleation and heterogeneous nucleation is given by (cf. 
derivation in appendix A): 
 
( ) ( )52.3hommax,max, −⋅∆=∆                                                                                                 SGG het θ  
 
With a contact angle of 180° the catalytic factor becomes 1 and the nucleation process can be 
described by homogeneous nucleation. From equation (3.2-5) it becomes evident that 
hommax,max, GG het ∆≤∆  and therefore nucleation on a surface is always more favored than the 
corresponding homogeneous nucleation process. 
 The connection between the catalytic factor, the contact angle and the corresponding degree 
of wetting is illustrated in figure 3.2-2. 
 
 
Figure 3.2-2: Schematic illustration of the degree of wetting in dependence of the contact angle from 
a liquid on a solid surface.  
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3.3 Epitaxial growth 
 
3.3.1 Ideal growth near thermodynamic equilibrium 
 
Based on Young’s equation the three widely known ideal types of growth for thin films can 
be described: Layer by layer or “Frank-van-der-Merwe” growth, three-dimensional island or 
“Volmer-Weber” growth and layer plus island or “Stranski-Krastanov” growth.[118-135] It 
should be noted that these ideal growth modes only describe the growth near the 
thermodynamic equilibrium. At lower temperatures kinetic effects might have significant 
influence on the growth behavior, thus changing the growth behavior considerally (cf. chapter 
3.3.3). 
The three ideal growth modes near thermodynamic equilibrium are: 
1. The Frank-van-der-Merwe (FvdM) growth describes a two-dimensional layer 
by layer growth. Under ideal conditions a completely wetting layer of the 
growing film covers the substrate before the growth of the second layer starts. 
2. The Volmer-Weber (VW) growth describes the three-dimensional growth of 
islands on the substrate which in the following coalesce to form a (rough) film. 
3. The Stranski-Krastanov (SK) growth describes the growth of few wetting 
layers on the substrate which changes to a three-dimensional growth of islands 
after a critical film thickness.  
A schematic illustration of these three growth mechanisms is given in figure 3.3.1-1. 
 
 
Figure 3.3.1-1: Schematic illustration of the three main film growth modes near thermodynamic 
equilibrium. Figure modified from [122]. 
 
Young’s equation, which describes the energy relation of the interfacial energies in 
heterogeneous nucleation, is also used to describe the film growth process. Therefore equation 
(3.2-1), which displays the nucleation of a liquid droplet on a solid surface, 
( ) ( ) ( )12.3coscoslg −−=⇔⋅+=                                                                      
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is adapted to the formation of a solid adsorbate growing epitaxially on the substrate surface: 
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For a solid material growing on a solid substrate, the interfacial tension between the solid 
phases and the gas phase (σgA and σgS) corresponds to the surface free energies of the 
adsorbate (σA) and substrate (σS), respectively. The interfacial tension between both solids 
(σAS) is expressed by the interfacial energy (σI). 
In the following the three ideal growth mechanisms will be described and explained by 
Young’s equation. If the interfacial energy can be neglected (σI small compared to σA and σS), 
the growth is mainly determined by the surface free energies of the deposited material and the 
substrate. This is the case for the Frank-van-der-Merwe and the Volmer-Weber growth 
modes, which qualitatively describe the growth of a system where the surface free energies 
are considered to be more important than the interface energy on the overall resulting 
morphology. In the case of the Stranski-Krastanov growth, the transition of a two-dimensional 
growth of films to the formation of three-dimensional islands, the interfacial energy becomes 
important and cannot be neglected to explain this ideal growth mechanism7. 
 
 
Frank-van-der-Merwe growth:  θ ≈ 0 
The FvdM growth describes the two-dimensional layer-by-layer growth of the deposited 
material. With a contact angle of 0° the deposited material is wetting the substrate surface, i.e. 
cos(θ) must be small. Therefore Young’s equation must fulfill the following relation: 
 
( )21.3.3 −+≥                                                                                                                AIS σσσ  
 
The FvdM growth usually occurs on surfaces if there is no lattice misfit between the 
deposited material and the substrate, e.g. for homoepitaxial growth where 0=Iσ . Therefore 
the adsorbate with the lower surface free energy is going to completely cover the substrate 
                                                 
7
 In principle the strain energy is also important to adequately describe the SK-growth. However in this first 
approach this growth mode is only explained by the energy relations from Young’s equation, which already can 
be used as a guideline to explain the SK growth behavior. 
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with the higher surface free energy in order to decrease the total Gibbs free energy of the 
system. 
 
Volmer-Weber: θ > 0 
The VM growth describes the three-dimensional growth of the deposited material. At large 
contact angles nucleation processes or three-dimensional island growths occur on the surface, 
i.e. cos(θ) is assumed to be large. Therefore Young’s equation must fulfill the following 
relation: 
 
( )31.3.3 −+<                                                                                                                 AIS σσσ  
 
During the initial growth the surface free energy of the adsorbate is higher than the surface 
free energy of the substrate. The deposited material favors internal binding over binding to the 
substrate, resulting in a three-dimensional island growth. 
 
Stranski-Krastanov: 
The SK growth is way more complex than the FvdM and the VW growth. Additional 
explanations are necessary so that the SK growth can be described by Young’s equation. The 
terms stress, strain and lattice misfit will be used for the explanation of the SK growth. A 
thoroughly explanation of these quantities and how these contribute to the interface energy is 
given in the forthcoming chapter 3.3.2 and in Appendix B. 
First of all the SK growth mode consists of two different growth phases: the initial growth of 
several layers wetting the substrate surface, which is followed by the three-dimensional 
growth of islands on top of these layers. To describe both of these growth phases individually, 
the modified Young’s equations (3.3.1-2) and (3.3.1-3) can be used. However to describe the 
transition from the two-dimensional layer-by-layer growth to the three-dimensional formation 
of islands, the interfacial energy now plays a decisive role and has to be included into the 
explanations.  
In the beginning of the SK growth wetting layers are formed until a critical thickness (dc) is 
reached. For the first stage of growth the adsorbate grows pseudomorphically due to a 
relatively small lattice misfit and small interfacial energy. The growing adsorbate layer is 
either under compressive or tensile strain, depending on the lattice misfit8. For very small 
                                                 
8
 E.g.: If the lattice parameters of the adsorbate crystal structure are larger than the lattice parameters of the 
substrate, the adsorbate film will be compressed. 
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lattice misfits the resulting strain in the pseudomorph layer is at first small, too. As a result 
the pseudomorphic layer-by-layer growth is then mainly determined by the surface free 
energies and Young’s relation (3.3.1-2) is valid. With increasing film thickness, the induced 
compressive or tensile strain in the growing film increases, too. This strain then becomes a 
relevant term of the interface energy which increases up to the critical film thickness dc. At 
the critical film thickness the strain in the film is reduced by either introducing 
crystallographic defects like point dislocations or by changing the growth towards a three-
dimensional island growth. This means that after the nth adsorbate layer the new adsorbed 
atoms more likely bind on top of newly formed two dimensional islands instead of attaching 
at its island side. Therefore a three dimensional growth of these islands is facilitated instead of 
their two dimensional spreading over the nth adsorbate layer. Evidently the occuring strain in 
the adsorbate film significantly influences the growth behavior. To give further insight into 
the strain of a growing film and the thickness dependent formation of dislocations a brief 
overview on the misfit dislocation theory will be presented in the following and in Appendix 
B (cf. page 194ff).  
Figure 3.3.1-2 shows different stages in the SK growth and the corresponding expressions of 
Young’s equation. 
 
 
Figure 3.3.1-2: Schematic illustration of the Stranski-Krastanov growth mechanism with the 
corresponding interfacial energy relationship. Initially the sum of the surface free energies of the 
growing material (σA) and the interface energy (σI) are smaller than the surface free energy of the 
substrate (σS) and a two dimensional growth occurs. After a thickness of n layers, the growth behavior 
changes from two dimensional layer-by-layer growth to the three dimensional growth of islands. With 
increasing thickness of the adsorbate film, the occuring strain increases, too. As a result the interface 
energy as well as the occuring strain energy increase, which significantly changes the energy relation 
given in Young´s equation. After the nth layer the sum of σ*A  and σ*I  are smaller than σ*S, with σ*A 
being the surface free energy of the absorbed species on the nth layer, σ*S  the surface free energy of 
the substrate and the already grown n layers, and σ*I  being the interface energy between the nth layer 
and the now growing islands. 
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With Young’s equation it is now possible to describe the different stages of the SK growth. In 
the beginning a pseudomorph two dimensional growth occurs on the surface because the sum 
of the surface free energy of the adsorbate (σA) and the interface energy (σI) is lower than the 
surface free energy of the substrate (σS). With increasing thickness of the grown film, the 
values of σA, σS, and σI are permanently changing. Therefore new energie values for the 
substrate-gas interface, the adsorbate-gas interface and the substrate-adsorbate interface have 
to be considered, which makes the explanation of the SK growth solely based on surface free 
energies values of the corresponding bulk materials of A and S nonsensical.  
After a thickness of n adsorbate layers the transition from two dimensional growth to three 
dimensional growth occurs. This island formation can in principle be described by an adapted 
Young´s equation, where the sum of the surface free energy of the absorbed species on the nth 
layer (σ*A) and the interface energy between the nth layer and the growing islands (σ*I)  are 
considered to be smaller than the surface free energy of the substrate and the already grown n 
layers (σ*S). These values are very elusive thus depicting the complexity of the SK growth. 
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3.3.2 Interface energy and strain energy 
 
As described in the previous chapter an occurring strain can have a big influence on the 
growth mechanism due to its contribution to the interface energy. Generally, the interface 
energy represents the various interactions at the interface between two materials. If the growth 
shall be described qualitatively on the basis of Young’s equation (3.2-1), it is mandatory to 
further describe the interface energy and its respective contributions. Therefore the different 
terms (or contributions) of the interface energy will be described in the following:  
In the mid 60s crystal interfaces were investigated.[138-142] In a first approach van der Merwe 
described the interface energy for different interfaces depending on the properties of the two 
crystals at the interface. It could be shown that the interface energy increases monotonically 
with increasing misfit between the crystal lattices.[140] Also the binding strength between both 
crystals and their relative hardness or rigidy have direct influence on the interface energy, 
which is displayed in the increase of the interface energy with increasing misfit: soft films 
with weak bonding towards the substrate show a larger increase in interface energy than 
hard/rigid films that are strongly bound to the substrate.[140] Finally, the influence of film 
thickness on the interface energy has been investigated. With a defined misfit between both 
crystal lattices, the interface energy increases with increasing adsorbate film thickness.[140] 
From these conclusions it is evident that the interface energy depends on the following 
properties: misfit or strain, relative hardness, bond strength to the substrate and the thickness 
of the films. Therefore it cannot be concluded that any single one of these quantities solely 
explains the contribution of the interface energy to the growth behavior. For instance: A thin 
and soft film (low rigidy/hardness) that strongly binds to the substrate can have a low 
interface energy, even if strain occurs due to the misfit between both crystal lattices.  
A few years later W.A. Jesser and D. Kuhlmann described the interface energy in a general 
equation.[138] As a model two finite semi-crystals are brought into contact, thus forming a two-
dimensional interface (with directions x and y). The interface energy can now be described by 
the surface free energies of these two crystals and the binding energy between them: 
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In this definition of the interface energy it is assumed (at first) that the lattice parameters do 
not change during the binding of the binding of the crystals, thus leading to the formation of 
dislocations at the interface due to the different lattice parameters. The binding energy can be 
specified by the following equation: 
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If the equation (3.3.2-1) is included into equation (3.3.2-2) the interface energy changes to: 
 
( )32.3.321 −++−+=                                                                                       EEEEEE dydxbI  
 
This general description of the interface energy summarizes the previously summarized 
parameters that contribute to the interface energy. The energy term Eb displays binding 
strength between both crystals. The energy terms xEd and yEd describe the formation of 
dislocations at the interface. To describe the pseudomorph growth of the adsorbate (crystal 1) 
on the substrate (crystal 2), Jesser et al. introduce the strain energy that is related to the 
deformation of the crystal lattices. The total strain energy at the interface is defined by the 
sum of the strain energy of both crystal lattices: 
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The strain energy of each crystal depends on its deformation parameters and deformation 
properties, i.e. the interfacial shear modulus and the elastic strains in plane (x and y direction). 
If it is assumed that the semicrystal of the substrate is significantly thicker than the adsorbate 
crystal, the elastic strain of the substrate can be neglected and it is assumed that only the 
adsorbate lattice will be deformed. Therefore the total strain energy is only determined by the 
strain energy of the adsorbate crystal (ES,1).  
The total energy is defined as the sum of the interface energy and the strain energy: 
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For this definition of the total energy, the interplay between the dislocation energy and the 
strain energy has to be further clarified. Starting from two unstrained semicrystals, the 
increasing strain is related to the deformation of the adsorbate crystal to adapt the crystal 
lattice of the substrate. As a result the amount of formed dislocations at the interface is 
reduced. This evidently shows that the strain energy and the interface energy do not have to 
promote the growth behavior of the adsorbate in a similar way. While a low interface energy 
might induce a two-dimensional growth of the adsorbate layers, a strong strain energy can 
prevent the two-dimensional spreading and instead leading to a three-dimensional growth of 
islands. 
To further explain the strain energy in the film growth (especially the SK growth) the 
equilibrium theory of Matthews and Blakeslee will be presented in the following.[119,133] A 
detailed derivation of the following equations is presented in Appendix B. It has to be 
emphasized that in this theory the epitaxial growth is described for pseudomorph growing 
layers. This means that at the beginning no dislocations are formed at the interface and the 
growing film is under stress and therefore strained. With increasing thickness of the growing 
film the strain energy will accumulate, too, until dislocations are formed that reduce the strain 
in the film.  
In brief summary: the total strain energy (Etotal) is induced by the lattice misfit between the 
growing material (adsorbate) and the substrate: 
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The lattice misfit can be expressed by the lattice parameters of the on growing film (a0(A)) 
and the underlying substrate (a0(S)): 
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This simplification of the total strain energy is valid, if the deformation parameters of the 
adsorbate film and the substrate are assumed to be equal, meaning both materials have the 
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same deformation properties. By this assumption, the total strain energy only depends on the 
strain in the film or the lattice misfit.  
If a critical thickness (dc,disl) is reached, dislocations are formed to release the strain in the 
film. The relation of the critical thickness of the growing film and the lattice misfit can be 
described: 
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This inverse proportionality shows that with high strain or lattice misfit values, the critical 
thickness of the growing film is small. By introducing the strain energy it can be explained 
why pseudomorph growing films form dislocations at a certain thickness, or why three-
dimensional islands on top of a wetting film are formed. In both cases defects are formed that 
might either be displayed in the form of point dislocations (e.g. edge or screw dislocation) or 
by introducing steps. At these steps, the attachment of new atoms is inhibited due to the axial 
strain in the film. Instead the atoms attach on top of this step, thus leading to a three-
dimensional growth: the island formation. 
By equation (3.3.2-3), the general components of the interface energy are presented. Further 
distribution of each of these individual energies is possible and sometimes necessary to 
explain rather complex growth mechanisms in more detail. In surface science the terms and 
definitions of adsorption energy, sticking coefficient and coverage become important for the 
adsorption of atoms and molecules on a substrate surface, which in turn may have a big 
influence on the growth behavior. For example: it has been shown, that the adsorption energy 
of CO on RuO2(110) depends on the coverage of already bound CO.[143,144]  
Similarly the adsorption energy of a single metal atom on the bare substrate surface is 
different to the adsorption energy on several layers of the already grown material. A recent 
example would be the growth of RuO2 on the TiO2(110) surface: At first the deposited RuO2 
grows as small, three to four layered, square shaped islands on the TiO2(110) surface. After a 
whole covering film of merged RuO2 islands is formed, the continuing growth changes to a 
two-dimensional step-flow mechanism.[145]  
Generally, if the growth has already progressed and larger or thicker structures have been 
formed, the lattice energy of these structures might also become important for the further 
growth behavior. Accompanied by this are also changes of the surface free energy 
contribution to the overall growth on the surface. For flat growing islands on a surface with a 
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certain crystallographic orientation, the surface free energy of this orientation has to be 
considered in the growth behavior. But with increasing thickness of this island, the side 
surfaces of these islands increase as well. These new formed surfaces also have a 
crystallographic orientation and the surface free energy of these island sides also start to 
contribute in the total surface free energy of the growing material. 
These considerations evidently show that the explanation of an observed growth behavior can 
become very complicated. As Bauer already declared: The interplay between the surface free 
energies, the interface energy and the strain energy can be used as a first guideline to explain 
epitaxial growth.[134]  
The last issue within this section is to determine for which lattice misfit values the adsorbate 
film grows pseudomorph on the substrate. Van der Merwe derived an equation with which it 
is possible to calculate critical lattice misfit values, depending on the film thickness.[140] If the 
lattice misfit between two crystals is lower than this critical lattice misfit value at a certain 
thickness, the newly formed layer will grow pseudomorph. The critical misfit strongly 
depends on the relative hardness and the strength of bonding between the growing layer and 
the underlying crystal lattice. As a general guideline the results can be summarized as the 
following:  
• With increasing film thickness, the critical misfit values for pseudomorph growth 
decrease.[140] This observed trend is similar to the theory of misfit dislocation 
formation from the Matthews-Blakeslee equilibrium theory.[133] 
• A soft adsorbate film material with strong bonding towards the substrate is 
generally favorable for large critical misfit values ( % 31f ≈ )[140]. Vice versa, a 
rigid adsorbate material with weak bonding towards the substrate surface leads to 
very small critical misfit values ( % 1.0f ≈ )[140]. Besides these rather extreme 
cases, van der Merwe also calculated the critical misfit value for a moderately hard 
monolayer film that binds strongly to the substrate. The resulting value of 
approximately 9 % is widely used in literature as a guideline to estimate if 
pseudomorph growth is possible.[118,119] 
In summary, the growth at (thermodynamic) equilibrium can be explained by the interface 
energy and the surface free energies of the involved species (Young’s equation) in a first 
approach. Including the strain energy of the growing stressed film into the considerations, 
manifold observed growths in literature can be described by the interplay of these energies. 
Based on this knowledge, the growth behavior and the resulting morphologies can be 
manipulated by changing one of these energies.  
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3.3.3 Growth far away from thermodynamic equilibrium 
 
At thermodynamic equilibrium the growth of the deposited material on the substrate can be 
described by the interface energy, the surface free energies and the strain energy. In the 
experiment, temperature and deposition rate have to be chosen wisely.[118-135] Both are 
essential for growth factors like the adsorption and surface diffusion of adsorbed atoms as 
well as the stability of critical nuclei that might act as starting points for the formation of 
islands or a wetting film. By regulating temperature and deposition rate different growth 
modes can be adjusted. For instance: Consider a system, where the deposited atoms are 
forming wetting layers in a FvdM-like growth for a certain temperature and deposition rate. If 
the temperature is kept constant, but the deposition rate is significantly increased a rough film 
of merged islands will be formed instead of a smooth and flat film. This is generally 
explainable by the mean free pathway of the adsorbed atoms and the stability of critical nuclei 
on the surface. Venable et al. have shown, that the formation of critical nuclei on the surface 
does not only depend on the applied temperature, also other parameters like the deposition 
rate strongly influence the stability of a formed cluster.[146] So if the deposition rate is higher 
than the mean free pathway of the adsorbed atoms on the surface decrease, which facilitates 
the formation of critical nuclei. Therefore the formation of many islands on the surface is 
observed. This evidently shows the influence of kinetic parameters on the growth behavior. 
Working far away from thermodynamic equilibrium has major impact on the formed 
morphologies, as will be examined in the following. 
General description of the growth modes far away from thermodynamic equilibrium can 
become very complex, especially for the heteroepitaxial growth. Therefore the ideal FvdM 
homoepitaxial growth mode was chosen as a model system to describe the growth at lower 
temperatures because the interface energy and relating effects like strain, which would further 
complicate the growth mechanism, can be neglected. Therefore the changes in the growth at 
lower temperatures can be explained by the increasing influence of the kinetic processes on 
the surface. Figure 3.3.3-1 schematically summarizes the relevant kinetic processes on the 
surface during growth. 
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Figure 3.3.3-1: Top: surface processes involved in film growth. Bottom: Potential energy hyper 
surface of surface diffusion across a step with the corresponding diffusion barriers. The involved 
diffusion barriers for this step-down diffusion process are: The Ehrlich-Schwoebel barrier (∆ES), the 
terrace diffusion barrier (∆EDiff) and the barrier for the diffusion across the step(∆EB), respectively. 
Figure modified from [122].  
 
The surface diffusion of adsorbate atoms is controlled by kinetics. By describing the diffusion 
process, the kinetic influence on the growth mechanism at lower temperatures can be 
explained. The temperature dependent diffusion can be described by an Arrhenius-like 
expression of the diffusion coefficient (D), which includes the activation energy (∆Ei) of the 
respective diffusion barriers on the surface: 
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Besides the diffusion over the single crystal terraces (∆EDiff, cf. figure 3.3.3-1) the diffusion 
along and across the steps are important for the growth at lower temperatures. The bottom 
part of figure 3.3.3-1 schematically shows the potential energy hyper surface for diffusion 
across the step. As can be seen the diffusion over steps (∆EB) has a higher energy barrier than 
the diffusion across the terrace (∆EDiff). This additional barrier is called the Ehrlich-
Schwoebel barrier (∆ES).[147-152] Besides the activated diffusion across a step from a higher 
terrace onto a lower terrace also the stronger binding of adsorbate atoms along the steps 
becomes apparent. This stronger binding can be explained by a higher coordination of the 
atoms. While on terraces the adsorbate atoms can only be coordinated from below - this is 
significantly different at the steps. Additional coordination from the side occurs, which further 
stabilizes the binding towards the surface. Furthermore the diffusion from a lower terrace onto 
a higher terrace is very unlikely due to the very high energy barrier and worse coordination 
towards the surface afterwards. By introducing these diffusion barriers at the steps of a 
surface the temperature dependent growth can be explained. At higher temperatures (near 
thermodynamic equilibrium) the diffusion across steps is not inhibited because the Ehrlich-
Schwoebel barrier can be overcome. By decreasing the temperature the Ehrlich-Schwoebel 
barrier becomes too high, resulting in diffusion exclusively on the terrace itself. This would 
lead to a three-dimensional growth at lower temperatures although the deposited material can 
grow homoepitaxially. Figure 3.3.3-2 shows the changes in the homoepitaxial FvdM-growth 
if the temperature is decreased during the deposition process: 
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Figure 3.3.3-2: Schematic illustration of the non-equilibrium growth modes for homoepitaxy. Ordered 
by decreasing temperature: step-flow growth; layer growth by island coalescence; multilayer growth. 
Figure modified from [122]. 
 
The non-equilibrium growth at lower temperatures can be divided into the following three 
mechanisms: the step-flow growth, the layer growth by island coalescence and the multilayer 
growth.  
At higher temperatures, near thermodynamic equilibrium, the deposited atoms are so mobile 
at the surface that they diffuse to and stay at the steps where a higher coordination is possible. 
Nucleation on the terrace between several adsorbate atoms is inhibited due to the high 
temperature. As concluded from nucleation theory at higher temperatures the critical radius 
for a nucleus on a terrace is also larger. With a bigger critical nucleus and the high mobility of 
the adsorbate atoms a nucleation and growth mode is inhibited and the two-dimensional 
growth starts exclusively at the steps from which they spread over the surface.  
With decreasing temperature the mobility of the deposited atoms and the critical radius of the 
nuclei on the terraces also decrease. If the temperature is high enough to still permit diffusion 
across steps but low enough to produce critical nuclei on a terrace, a two-dimensional layer 
growth by island coalescence occurs on the surface. The amount of the formed critical nuclei 
strongly depends on the deposition rate. At higher deposition rates more nucleation processes 
occur which leads to a higher number of two-dimensional islands on the surface. 
If the temperature is so low that the diffusion over steps is inhibited, the two-dimensional 
layer growth by island coalescence changes to the three-dimensional multilayer growth. Due 
to the Ehrlich-Schwoebel barrier the adsorbate atoms cannot diffuse between different 
terraces leading to a three-dimensional growth of islands because the newly adsorbed atoms 
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are stuck on their terraces. Depending on the deposition rate fewer but larger three-
dimensional islands (at low deposition rates) or many smaller islands (at higher deposition 
rates) are formed. If the surface-to-volume ratio of very small islands becomes too high 
clusters instead of islands are usually formed during the deposition and growth. 
 
 
 
 
 49 
4. Oxidation of Au(111) by atomic oxygen 
 
The oxidation of gold single crystal surfaces has been investigated by a large variety of 
atomic oxygen sources, i.e. exposure of ozone, thermal dissociation of O2 using hot filaments, 
O+ sputtering, radiofrequency-generated plasma source, coadsorption of NO2 and H2O and 
electron bombardment of NO2.[16,32,36,58,59,64,66,70,71-77] Depending on the source of atomic 
oxygen the oxidation behavior of the gold surface can change significantly, thus leading to 
different oxidized gold species and different morphologies.[16,55]  
In this work the atomic oxygen was produced by a thermal gas cracker (TC 50, Oxford 
Applied Research), i.e. the molecular oxygen is channeled trough a heated iridium tube in 
order to get cracked. To validate the oxidative potential of this thermally cracked oxygen, 
oxidation and reduction experiments of the Au(111) single crystal surface were conducted at 
room temperature, investigated by STM and XPS and compared to the literature. Figure 4-1 
shows a series of STM pictures of the oxidized Au(111) surface after exposure of 40 L 
thermally cracked oxygen at room temperature. 
 
 
Figure 4-1: STM pictures of an oxidized Au(111) surface after exposure of 40 L atomic oxygen.  The 
bigger clusters in picture a) and b) are related to agglomerations of carbon impurities on the surface. 
a) 200 nm x 200 nm, b) 150 nm x 150 nm, c) 100 nm x 100 nm, d) 40 nm x 40 nm, e) 13 nm x 13 nm. 
The morphology of the rough oxidized gold structures on the Au(111) surface are shown (a,b,d) as 
well as a illustration on the nanoscale (e). Besides the formed oxide also areas are visible with a lifted 
Au(111) reconstruction, which is identified on the basis of the linear arrangement of the herringbones 
(f). Tunneling conditions: U = 0.7 – 1.0 V, I = 0.1 – 1.0 nA.  
 50 
The huge clusters depicted in the STM pictures figure 4-1a and 4-1b are related to 
agglomerations of carbon impurities on the Au(111) surface that could not be removed by the 
standard single crystal surface cleaning process (see chapter 2.1, page 12).9 XPS 
measurements confirmed that carbon impurities on the Au(111) surface existed (C 1s peak 
area not presented here). 
During oxidation by 40 L atomic oxygen, the herringbone structure of Au(111) is lifted and 
roughening of the gold surface starts (cf. figure 4-1a-c). A two-dimensional structure of 
connected oxidized gold islands is depicted in figure 4-1a and 4-1b. Magnification of these 
roughened overlayer structures reveal that these connected islands consist of agglomerated 
small particles (cf. figure 4-1d and 4-1e).  These agglomerations seem to be randomly (green 
circle figure 4-1e), but also particles that are quadratically arranged can be identified (blue 
circle figure 4-1e). The nearest distance between two of these particles is always 
approximately 1 nm. To investigate the roughness of the oxidized surface, line scan analysis 
was done (cf. figure 4-1f). With a height difference ranging from approximately 1 Å to 2 Å 
the roughening is mainly restricted to the first two layers of the Au(111) surface. The 
morphology and the height of this oxidized gold surface fits well to STM measurements from 
Friend et al. and calculations of Au-Au distances in gold oxides by Stampfl et al., 
respectively.[36,66,82] Besides the roughening of the surface, in some areas straightened soliton 
lines of the herringbone structures are visible (cf. figure 4-1c).10 These straightened lines 
indicate a lifted herringbone structure, which is related to the formation of chemisorbed 
oxygen phase on Au(111) that is known to coexist with the surface oxide in a wide range of 
oxidation conditions.[57,66,153] Only at higher temperatures and significant higher exposures of 
atomic oxygen nearly the whole Au(111) surface should be oxidized so that a completely 
wetting surface oxide is formed.[57]  
XPS was used to further investigate the oxidation state of the surface. Figure 4-2 shows the 
XPS spectra of the Au 4f and O 1s peak regions. During oxidation the metallic Au 4f signals 
(84.0 eV and 87.7 eV) decrease while two new Au 4f signals appear, each shifted by 1.8 eV to 
higher binding energies. These oxidized gold species (“Au oxide” 4f7/2 85.8 eV, “Au oxide” 
4f5/2 89.5 eV) are assigned to Au3+ and the formation of Au2O3.[58,59,74] Therefore this gold 
oxide probably consists of agglomerated Au2O3 particles. Chemisorbed O on Au(111) in the 
Au 4f peak region could not be identified by XPS due to resolution limitation. However, for 
the O 1s signal a differentiation between the chemisorbed O on Au and Au2O3 is more reliable 
due to a more evident chemical shifting between both species. From the O 1s spectra (cf. 
                                                 
9
 To remove these impurities mechanical polishing of the single crystal was necessary.   
10
 Also known as „striped soliton wall“ structure. 
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figure 4-2, right) an oxygen peak for a clean Au(111) surface is observable with its maximum 
at 531.7 eV. This species is assigned to subsurface oxygen, which is a result of the cleaning 
process of the single crystal surface.[75,76] After oxidation the maximum of the O 1s signal 
shifts to a binding energy of 530.2 eV that is also assigned to the formation of Au3+ species, 
i.e. Au2O3.  
By dosing 100 L CO at room temperature a partial reduction of the surface occurred as can be 
seen from the XPS spectra for the Au 4f and O 1s signal regions. For the Au 4f region the 
signals for the metallic Au species (84.0 eV and 87.7 eV) increase while simultaneously the 
gold(III)oxide (85.8 eV, 89.5 eV) signals nearly vanish. In the O 1s peak region the oxygen 
signal shifts back to a higher binding energy (to 531.2 eV), which confirms the reduction of 
the surface. However the oxygen signal does not restore its initial shape, thus indicating that 
still some oxide species is left on the surface and the amount of CO was insufficient for a 
complete reduction. 
 
 
Figure 4-2: XPS spectra of the Au 4f and O 1s peak signal regions for Au(111) oxidation and 
reduction experiments done at room temperature. 
 
With these STM and XPS measurements of the oxidation of Au(111) by using thermally 
cracked oxygen (from the TC 50 thermal gas cracker) at room temperature the similarities to 
the oxidation experiments of single crystal surfaces in literature are demonstrated. Both, the 
morphologic changes observed by STM and the chemical shifts of the Au 4f and the O 1s 
signals are consistent with oxidation of Au(111) surfaces described in literature.[36,59,64,66,71,74] 
Tables 4-1 and 4-2 provide a brief overview of the chemical shifts of the Au 4f and O 1s 
signals for oxidized Au(111) surfaces and Au nanoparticles (NP) and  polycrystalline films, 
respectively.  
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Table 4-1: Binding energies of Au 4f and O 1s XPS signals for the oxidation auf Au(111) using 
different sources of atomic oxygen. 
System Binding energies in eV Assignment Reference 
Oxygen plasma on 
Au(111) 
Au 4f7/2: 84.0 
Au 4f7/2: 85.8 
Bulk gold 
Au2O3 
58,74 
58,74 
Ozone on Au(111) O 1s: 530.1 
O 1s: 529.3 
Au2O3 
O-chem 
71 
71 
Ozone on Au(111) 
400 K 
200 K 
O 1s: 529.4 
O 1s: 529.1 
O 1s: 530.1 
Surface oxide 
O-chem 
Bulk Au oxide 
66 
66 
66 
Thermally cracked 
O2 on Au(111) in 
UHV 
 
 
Reactive sputtering 
of  0.1 mbar O2 on 
Au(111) 
Au 4f7/2: 84.0 
Au 4f7/2: 85.9   
O 1s: 530.2 
 
Au 4f7/2: 84.0 
Au 4f7/2: 86.1 
Au 4f7/2: 85.5   
O 1s: 530.0 
O 1s: 532.5 
Metallic Au 
Au2O3 
Au2O3 
 
Metallic Au 
Au2O3 
Au2O 
Au2O3 
Adsorbed OH 
59 
59 
59 
 
59 
59 
59 
59 
59 
 
 
 53 
Table 4-2: Binding energies of Au 4f and O 1s XPS signals for the oxidation auf gold NP and bulk like 
gold surfaces using various sources of atomic oxygen. 
System Binding energies in eV Assignment Reference 
x-ray irradiation of O2 
on Au foil and NP 
 
Au 4f7/2: 84.0 
Au 4f7/2: 85.3  
Au 4f7/2: 84.2 
Au 4f7/2: 85.5 
Au foil 
Gold oxide 
Au NP 
Gold oxide 
64 
64 
64 
64 
Thermally cracked O2 
on Au film on SiO2 
O 1s: 529-530 
O 1s: 533 
Au2O3 
Subsurface oxygen 
75 
75 
Thermally cracked O2 
on Au NP  
O 1s: 530 
O 1s: 532-533 
Au2O3 
Subsurface oxygen 
76 
76 
Au NP on TiO2 
 
1.0 mbar O2 + 
x-ray, 1h 
transferred to  
UHV 
Au 4f7/2: 83.9 
Au 4f7/2: 85.2  
Au 4f7/2: 84.4 
Au 4f7/2: 86.5  
Au 4f7/2: 84.2 
Au 4f7/2: 85.8 
Metallic Au 
Metallic Au1 
Metallic Au 
O-chem + Au oxide 
Metallic Au 
Non stoichiometric Au oxide 
70 
70 
70 
70 
70 
70 
Oxygen plasma on Au 
NP on TiO2 
Au 4f7/2: 84.6 
Au 4f7/2: 86.9   
Metallic Au 
Au3+ in Au2O3 
32 
32 
Oxygen Plasma on Au 
films 
Au 4f7/2: 84.1 
Au 4f7/2: 85.5 
O 1s: 530.4 
O 1s: 531.8 
Metallic Au 
Au2O3 
Au2O3 
Adsorbed OH 
73 
73 
73 
73 
Electrochemically 
oxydized Au  
 
Au 4f7/2: 84.0 
Au 4f7/2: 85.7 
O 1s: 529.3-532.5 
Metallic Au 
Au3+ 
Mixed oxide: Au2O3 and 
Au(OH)3 
77 
77 
77 
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Table 4-2: continued from previous page 
System Binding energies in eV Assignment Reference 
Au film growth in O2 Au 4f7/2: 84.1 
Au 4f7/2: 85.9 
O 1s: 529.8 
O 1s: 530.7 
O 1s: 531.9 
O 1s: 532.7 
Metallic Au 
Au2O3 
Au2O32 
Au2O32 
O reacted with impurities 
Adsorbed OH or H2O 
72 
72 
72 
72 
72 
72 
 
1assigned to very small Au clusters or Au atoms from the periphery of larger clusters 
 
2addition of both deconvoluted peak areas leads to a total ratio of 2/3 for Au/O 
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5. Deposition of Au on Ru(0001) 
 
Based on the research in the field of gold catalysis two interesting systems have been 
developed and investigated in the last ten years, which show exceptional high conversion of 
CO at low temperatures. These two systems are: gold bilayers deposited on reducible metal 
oxide surfaces and gold surfaces that have been oxidized using atomic oxygen.[20-22,40,66] For 
the latter of these systems it has to be emphasized that the oxidation increases the conversion 
of CO at room temperature as well as the O2 splitting.[40,51,66] However in each case it has to 
be discriminated if the oxidized gold surfaces exhibit a catalytic activity or if only a transient 
activity in form of CO oxidation via gold oxide reduction is observed.  
To further elucidate the unique properties of the gold bilayer system, flat gold islands and 
films were prepared and subsequently oxidized by atomic oxygen at room temperature. The 
main focus within this work was to identify the possible morphologic changes that occur 
during the oxidation process. Especially by taking into account that the morphology and the 
accessibility of undercoordinated gold atoms are assumed to be crucial for the catalytic 
activity.[20,21,26,28,29,33,34,36,44,50,52-54] The information that are obtained from the oxidized thin 
gold films might be useful to understand possible dynamic changes of a gold catalyst during 
the catalytic process. An explanation for the morphologic changes of the oxidized gold films 
is given, based on the theories of epitaxial film growth and heterogeneous nucleation 
described in chapter 3.  
Gold deposited on Ru(0001) single crystal surfaces was chosen as the model system because 
the heteroepitaxial growth of gold on ruthenium is well described and understood.[154-167] For 
the sub-monolayer deposition of gold, the growth on oxygen free Ru(0001) surfaces as well 
as the growth on oxygen precovered Ru(0001) is well described.[154-158,162,163] Determined by 
the surface free energies of gold and ruthenium as well as the adsorption energies for gold on 
ruthenium, the growth behavior changes by preadsorption of oxygen on the ruthenium 
surface. Generally oxygen binds strongly to the Ru(0001) single crystal surface but only 
poorly to the very noble metallic gold. Hwang et al. stated that the adsorption energy for gold 
on bare Ru(0001) is larger than the adsorption energy for gold on gold.[157] Introduction of a 
covering oxygen layer on the ruthenium surface changes this situation dramatically: The 
adsorption energy of gold on the oxygen covered ruthenium surface is now smaller than the 
adsorption energy of gold on gold.[157]  
In the case of oxygen free Ru(0001) surfaces the deposition of gold at temperatures above 650 
K leads to a two-dimensional film, which is covering the ruthenium surface alongside the 
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formation of herringbone patterns after only 1 ML of gold.[157,159,166] After the second gold 
layer is formed, the gold islands start to grow on top of the gold layer, which evidently shows 
a Stranski-Krastanov-like growth mechanism for gold on oxygen free Ru(0001).[154,157,163] 
The growth changes significantly if oxygen is preadsorbed at the ruthenium surface before the 
gold deposition process. When the Ru(0001) surface is exposed towards molecular oxygen a 
(2x2)-O[168-170] or a (2x1)-O[171-173] overlayer is formed depending on the oxygen coverage. At 
higher temperatures and higher oxygen exposures two additional oxygen overlayer phases can 
be stabilized, namely the (2x2)-3O[174-176] and the (1x1)-O[177]. An overview of the different 
oxygen overlayer structures is given in literature and briefly summarized in figure 5-1.[8]  
 
 
Figure 5-1: Chemisorbed oxygen (green balls) surface structures on Ru(0001) including the surface 
unit cell in blue and corresponding STM images. From left to right the (2x2)-O (at 0.25 ML O 
coverage), (2x1)-O (at 0.5 ML O coverage), (2x2)-3O (at 0.75 ML O coverage) and the (1x1)-O (at 
1.0 ML O coverage) overlayer structures are presented. Figure taken from [8]. 
 
With the formation of oxygen overlayer structures the surface free energy of the ruthenium 
surface decreases below the surface free energy of gold (σ < 1.6 J/m2).[163] As a consequence 
the deposited gold (σ = 1.6 J/m2) tends to form Au-Au bonds rather than Au-O/Ru bonds and 
three-dimensional gold island growth is observed.[154,157,163] At the initial stage of the gold 
island growth on oxygen precovered Ru(0001), the adsorbing gold atoms bind towards 
oxygen-free ruthenium atoms by pushing the oxygen away. As a result the oxygen overlayer 
is compressed, which was first proposed by Hrbek et al. and later confirmed by STM from 
Behm et al.[156,163] After formation of the (1x1)-O the gold is not able to compress the oxygen 
overlayer furthermore.  
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With ongoing deposition the gold islands spread over the surface in a typical VW-like growth 
behavior until they merge together. The chemisorbed oxygen overlayer gets buried at the gold 
and ruthenium interface, which has been shown for the growth of gold on Ru(10-10). A 
combination of TDS, LEED and Auger spectroscopy experiments revealed that oxygen is 
again exposed if the covering gold films were removed by annealing.[160,161] In summary, the 
growth of gold on oxygen precovered Ru(0001) is a typical example for a Volmer-Weber 
growth. 
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5.1 Gold deposited on ruthenium surfaces – General Considerations 
 
To appropriately describe the heteroepitaxial growth of gold on bare and oxygen precovered 
Ru(0001), the lattice misfit between both materials and the resulting strain have to be 
included in the interpretation of the different growth behaviors.  
Given from equation (3.3.2-7) the lattice misfit f  is calculated by the lattice parameters of the 
hexagonal Ru(0001) and the corresponding gold surface structures with similar symmetry, i.e. 
fcc Au(111). Taken from literature the lattice parameter of Ru(0001) (2.706 Å) is larger than 
the lattice parameters of the Au(111) (2.884 Å) surface.[8,178-181] Therefore the lattice misfit 
between Au(111) and Ru(0001) is calculated: 
 
( ) ( )
( ) 062.0884.2
884.2706.2f
0
00
−≈
−
=
−
=
Aua
AuaRua
 
 
Due to the lattice misfit of about − 6.2 % the gold film is exposed to an in-plane compressive 
strain when growing on the Ru(0001) surface. To describe the growth of gold films on the 
ruthenium surface the theoretical model for heterogeneous nucleation and epitaxial film 
growth from chapter 3 is transferred to the Au on Ru system. Starting from the theory of 
heterogeneous nucleation, figure 3.2-1 (from chapter 3.2) changes to: 
 
 
Figure 5.1-1: Adapted model for heterogeneous nucleation of gold on the ruthenium surface. 
Definition of the contact angle θ at the gold ruthenium interface, the related surface free energies and 
the interface energy to derive Young’s equation.  
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If the surface tension of gold and ruthenium are expressed by their surface free energy, 
respectively, the angle dependent Young’s equation can be written as: 
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RuAuRu
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As described in chapter 3.2: if the wetting angle θ increases the growing film shows a smaller 
degree of wetting, i.e. θ = 0° leads to full wetting and θ = 180° in complete dewetting. As a 
consequence, if the quotient in equation (5.1-1) (involving the surface free energies and the 
interface energy) increases a higher degree of wetting is assumed to occur.  
In case of gold deposition on oxygen free Ru(0001) a two-dimensional growth for the first 
layers of gold is expected. To fulfill the adapted Young’s equation (5.1-1), the wetting angle 
has to be very small. As a result the sum of the surface free energy of ruthenium and the 
interface energy has to be larger than the surface free energy of gold. It is assumed that the 
surface free energies dominate the growth behavior near thermodynamic equilibrium, due to 
the large difference between the surface free energies of ruthenium (Ru(0001): 3.1 J/m2) and 
gold (Au(111): 1.5 J/m2).[163,182-184] The interface energy between ruthenium and gold is 
assumed to be smaller than 1.5 J/m2, otherwise Young’s equation would not fulfill the 
condition for two-dimensional growth. Based on the description of the interface energy from 
van der Merve[139,140] and Jesser et al.[138] the following properties have to be considered: bond 
strength between ruthenium and gold, rigidy/hardness of the gold adlayer, lattice misfit and 
strain. The binding strength between gold and ruthenium is assumed to be rather strong. This 
statement is confirmed by TDS data from Hribek et al. who measured desorption temperatures 
for gold multilayers on Ru(0001) to be higher than 1200 K[165], which is to similar desorption 
temperatures for chemisorbed oxygen phases on Ru(0001)11.[185] Moreover the desorption 
temperature of one monolayer of gold on ruthenium (1300 K) is higher than the gold 
multilayer desorption temperature (1200 K), thus evidently showing that gold strongly binds 
to ruthenium.[165,186] Also gold has a low melting point and is a rather ductile metal, which 
makes a compression of the gold lattice for a better adoption of the ruthenium lattice 
                                                 
11
 The desorption temperature of the different chemisorbed oxygen phases from Ru(0001) is ≥ 1100 K. 
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parameters likely. With the relatively small lattice misfit of 6.2 % also the in plane stress is 
assumed to be moderately. Altogether it can be assumed that the interface energy is small, 
thus facilitating wetting of gold on Ru(0001).  
The energy relation from Young’s equation changes significantly if oxygen is preadsorbed on 
the Ru(0001) surface. The growth changes from a two-dimensional wetting of gold on bare 
Ru(0001) to the formation of single gold islands that grow three-dimensional upon gold 
deposition. Similarly to the gold island growth the oxygen overlayer gets compressed, so the 
deposited gold islands can bind directly to the ruthenium surface without oxygen atoms at the 
interface. Generally, with increasing coverage of oxygen on Ru(0001) the surface energy of 
ruthenium decreases.[163,187]  
By simply comparing the degree of wetting for gold deposited on bare and oxygen precovered 
Ru(0001) the following relation can be derived, based on the theory of heterogeneous 
nucleation and epitaxial growth (cf. figure 3.2-2, page 33): 
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This relation evidently illustrates that the sum of surface free energy and interface energy for 
the Au/Ru system is higher than for the Au/O/Ru system, if the surface free energy of gold is 
assumed to be equal for both growth behaviors. This can be explained by both, the decreasing 
surface free energy of Ru with preadsorbed oxygen, and increased interface energy due to 
buried oxygen beneath the gold islands. This buried oxygen weakens the the Ru-Au binding 
and the strain of the Au film increases because direct binding is not always likely due to the 
oxygen atoms at the interface. But if it is assumed that all oxygen atoms are pushed away to 
form a compressed oxygen overlayer and the interface between the gold islands the ruthenium 
is therefore oxygen free, equation (5.1-2) can be simplified to: 
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This result evidently displays the relation of the surface free energies given from 
literature.[163,187] In summary, the growth of gold on oxygen free and oxygen precovered 
Ru(0001) can be described by Young’s equation.   
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5.1.1 Gold deposited on oxygen precovered Ru(0001)  
 
To investigate the growth of gold on oxygen precovered Ru(0001), 0.5 ML gold were 
deposited on ruthenium with a (2x1)-O and (1x1)-O overlayer. The intention of this 
experiment was to investigate the morphology of the growing gold islands, if the precovered 
oxygen layer cannot be compressed further.  
During the deposition process of gold, higher temperatures (> 650 K) and low deposition rates 
(0.05 ML/min) for gold were used so that the mobility of the deposited gold atoms is high and 
kinetic limitations are negligible, i.e. the system is at thermodynamic equilibrium. As a result 
the growth can be well described by the energy contributions (i.e. Young’s equation) 
according to Bauer.[134]  
Figure 5.1.1-1 shows STM pictures of the formed gold islands on the Ru(0001) surface 
depending on the oxygen precoverage. 
 
 
Figure 5.1.1-1: STM images of gold deposition (0.5 ML) on Ru(0001)-(1x1)-O and Ru(0001)-(2x1)-O. 
STM pictures (a) and (d) are in the range of 250 nm x 250 nm. The magnifications (b) and (e) are in 
the range of 50 nm x 50 nm. Tunneling conditions: U = 1.2 V, I = 1.0 nA. 
 
If the ruthenium surface is precovered with an (2x1)-O overlayer, hexagonally shaped gold 
islands are formed and predominately located along the ruthenium steps due to a better 
coordination towards the surface (cf. figure 5.1.1-1a). At steps the nucleation of single gold 
atoms is facilitated because the size of a stable critical nucleus of gold, from which the gold 
island growth starts, is smaller. Vice versa, the size of stable critical gold nuclei on the 
ruthenium terraces are significantly larger at 670 K, thus leading to less formed islands on the 
terraces. Simultaneous to the gold island formation, the oxygen overlayer is compressed. 
These results fit well to the observations in literature.[156,157] The three-dimensional Volmer-
Weber like growth of gold, in the presence of oxygen on the ruthenium surface, is depicted by 
the line scan analysis of a hexagonal gold island which has a height of 6.5 Å (cf. figure 5.1.1-
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1b,c). The hexagonal shape of the gold islands is induced by the underlying hcp(0001) 
orientation of ruthenium. Therefore the grown gold islands are assumed to grow in fcc(111) 
orientation. 
However if the oxygen coverage is increased to an (1x1)-O overlayer the gold island growth 
changes as can be seen in figure 5.1.1-1d,e. Due to the high oxygen coverage no further 
compression of the overlayer is possible. Therefore the deposited gold atoms have to bind 
towards the O/Ru surface, thereby burying oxygen atoms at the interface. The gold islands are 
now randomly distributed over the whole ruthenium surface with a significantly higher 
concentration of islands if compared with the (2x1)O case (comparison of figure 5.1.1-1a and 
5.1.1-1d). As described previously, the adsorbed oxygen decreases the surface free energy of 
ruthenium to an extend that the surface free energy of gold now exceeds the sum of the 
surface free energy of O/Ru(0001) and the interface energy. This energy relation and a Au-Au 
binding stronger than to the Au-O/Ru binding induces the three-dimensional growth of gold. 
The strong influence of precovered oxygen on the three-dimensionality of the gold islands 
becomes evident by comparing the heights of the formed hexagonal islands on the (2x1)-O 
and the (1x1)-O precovered Ru(0001) surface, i.e. 6.5 Å and 13.1 Å respectively (cf. line 
scans figure 5.1.1-1c and 5.1.1-1f). Therefore the thickness of the gold islands increased while 
their lateral size decreased significantly, if the oxygen precoverage is increased. Also the 
nucleation sites for the gold atoms and the starting points for the gold islands are strongly 
affected by the oxygen overlayer. Induced by the weak Au-O/Ru binding, the former energy 
gain by nucleation at the steps decreases so significantly, that nucleation on the terraces 
became energetically favorable, too (cf. figure 5.1.1-1d,e). 
Derived from statistical analysis, the height distributions of the gold islands formed on (2x1)-
O and (1x1)-O precovered ruthenium surfaces are depicted in figure 5.1.1-2a and figure 5.1.1-
2c, respectively. Statistical analysis of the gold islands (0.5 ML) formed at 670 K on a (2x1)-
O precovered surface show two distributions. Most of the gold islands are three layers thick 
(distribution around 6.5 Å) but also two layered gold islands are formed (smaller distribution 
at 4.4 Å). As comparison, gold deposition (0.5 ML) on the (1x1)-O precovered surface 
induced the formation of thicker islands with a thickness of 4 to 8 layers and the majority 
having an average thickness of approximately 6 to 7 layers (13.2 Å to 15.4 Å). Increasing the 
oxygen coverage from 50 % ((2x1)-O) to 100 % ((1x1)-O) results in formed gold islands that 
are approximately double as thick.  
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Another possibility to control the island thickness is the applied sample temperature during 
the deposition process. At higher temperatures the gold-ruthenium system is even more forced 
towards the thermodynamic equilibrium and thicker gold islands are formed.  
 
 
Figure 5.1.1-2: Statistical examination of the gold island thickness depending on the oxygen 
precoverage and the Ru(0001) temperature during the deposition process.(a) 0.5 ML Au deposited on 
a (2x1)O precovered surface at 670 K leads to the formation of two or three layered gold islands. By 
increasing the temperature to 700 K (b) the deposition of 0.5 ML Au now exclusively forms three 
layered Au islands. By increasing the temperature during deposition to 800 K the formation of four 
layered gold islands is induced (d). The island thickness can also be regulated by the oxygen 
precoverage, which is presented in (c). Deposition of Au on a (1x1)O precovered Ru(0001) surface 
significantly increases the resulting Au island thickness. 
 
From line scan analysis a statistical evaluation of the island heights for gold islands prepared 
at 700 K (cf. figure 5.1.1-2b) and 800 K (cf. figure 5.1.1-2d) on a Ru(0001)-(2x1)O surface 
are obtained, respectively. While at 700 K mainly three layered gold islands are formed, at 
800 K the gold islands are usually at least four layers thick. It is noteworthy that increasing 
the temperature from 670 K to 700 K results in the complete disappearance of the two layered 
island, i.e. only three layered islands are formed. 
To further comprehend on this temperature dependent thickness of the growing gold islands, 
further considerations are necessary. Gold deposition experiments, performed at room 
temperature, showed the formation of many small gold nanoparticles, which were covering 
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the whole Ru(0001) surface (data not shown). This indicates a strong inhibition for surface 
diffusion of the deposited gold atoms at room temperature. This growth behavior and the 
resulting morphology of the deposited gold can be assigned to a growth mechanism far away 
from thermodynamic equilibrium (e.g. the multilayer growth12). A threshold temperature of at 
least 650 K has to be exceeded to enable the diffusion of the gold atoms on the ruthenium 
surface during the deposition process.  
Finally, XPS measurements of 0.5 ML Au deposited on a (2x1)O precovered Ru(0001) 
surface at 700 K for the Au 4f and O 1s signal area are presented, before and after the gold 
deposition (cf. figure 5.1.1-3). 
 
 
Figure 5.1.1-3: Au 4f and O 1s XPS data for 0.5 ML gold deposited on an oxygen precovered 
Ru(0001) surface at 700 K. The Au 4f signals evidently display the metallic character of the hexagonal 
gold islands. The constant O 1s signal confirms the interpretation of a compressed oxygen overlayer. 
It is therefore assumed that no oxygen gets buried beneath the gold islands. 
 
The Au 4f binding energies of 84.0 eV and 87.7 eV evidently show the metallic character of 
the formed hexagonal gold islands. The corresponding O 1s spectra show no change of the 
oxygen signal after deposition of gold on the surface. Neither does the binding energy of the 
O 1s signal change nor is the signal attenuating. The constant O 1s signal intensity indicates 
that no oxygen is buried beneath the gold at the gold-ruthenium interface. With a constant 
amount of oxygen exposed on the surface, the conclusion of a compressed oxygen overlayer 
is evident consistent with literature.[156,163]  
In summary, the influence of the oxygen precoverage and the applied temperature on the 
growth of gold on Ru(0001) have been presented. Changing the conditions for the growth of 
gold on Ru(0001) by changing the oxygen overlayer density (i.e. changing the surface free 
energy of ruthenium) is more important for the resulting morphologies of the ruthenium 
                                                 
12
 cf. Chapter 3.3.3, page 44ff. 
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islands than overcoming kinetic limitations by increasing the temperature. Based on the 
presented experimental data, it is possible to control the thickness of the growing gold islands, 
which will be crucial for the upcoming oxidation experiments.  
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5.1.2 Gold deposited on oxygen free Ru(0001) 
 
To prepare wetting films of gold on Ru(0001), deposition and growth was carried out on an 
oxygen free surface. For the preparation of an oxygen free ruthenium surface, an additional 
annealing step in vacuum to 1000 K for 30 minutes was added to the typical cleaning process 
described in chapter 2.1 (see page 12). This annealing step should induce desorption of the 
oxygen overlayer that is usually formed during the cleaning process. 
For all preparations of wetting gold films the Ru(0001) surface was kept at 700 K and higher 
deposition rates13 of 0.1 ML/min were employed. The total amount of deposited gold was 
determined by the evaporation rate in situ and afterwards verified by the XPS signal intensity.  
 
 
Figure 5.1.2-1: (a) 500 nm x 500 nm area of the 2 ML gold film covering the oxygen free Ru(0001) 
surface. (b) The 300 nm x 300 nm area illustrates the formation of wholes in the gold film (blue 
circles) induced by residual oxygen from the former cleaning process of the single crystal surface; (c) 
The 150 nm x 150 nm magnification evidently shows the formation of point dislocations within the 
gold film (black arrows). (b) and (c) both evidently show the influence of the residual oxygen on the 
Au film morphology. Compared to literature the resulting gold film is less smooth and does not show 
the herringbone structure of thin gold films on Ru(0001).[157,159] Due to the relatively high roughness, 
the typical Stranski-Krastanov growth for gold on bare Ru(0001) is not clearly visible by STM. (d) 
This 150 nm x 150 nm area from the top of a 50 nm thick gold mountain or “mesa” evidently 
illustrates the (111) crystallographic orientation of gold. Tunneling conditions: U = 0.7 – 1.0 V, I = 
0.1 – 1.0 nA.  
 
                                                 
13
 Compared to the deposition rate used to form the islands on oxygen precovered Ru(0001), i.e. 0.05 ML/min. 
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Figure 5.1.2-1 shows STM images of a wetting 2 ML thick gold film deposited on nearly 
oxygen free Ru(0001). Although the lattice misfit between gold and ruthenium is relatively 
small (~ 6.2 %) the gold film is not very smooth. Instead many steps and defects are visible as 
well as the formation of flat islands on already grown gold layers (cf. figure 5.1.2-1a,b). This 
is consistent with the observed Stranksi-Krastanov growth mechanism for Au on Ru(0001) in 
literature.[154,157,163] However many point dislocations (screw dislocations, see black arrows) 
are formed while the typical island formation of the SK growth is less pronounced (cf. figure 
5.1.2-1c).  
The depicted STM image from figure 5.1.2-1b reveals several areas where the gold is not 
covering the ruthenium substrate (highlighted by blue ellipses). The corresponding XPS O 1s 
spectra illustrate that some oxygen from the cleaning process was still present on the surface 
(cf. figure 5.1.2-2, black curve). A small and broad O 1s peak at ~ 530.1 eV is observable that 
is assigned to the oxygen residues adsorbed on ruthenium.[8] However the O 1s spectrum after 
deposition of 2 ML Au (XPS) evidently shows that the oxygen signal is reduced (cf. figure 
5.1.2-2, red curve). This is an indication of buried oxygen beneath the gold film. With an 
applied temperature of 700 K during the Au deposition process, desorption of O2 from the 
Ru(0001) surface can be excluded. Due to the higher deposition rate of gold and the 
significantly lower amount of residual oxygen, the oxygen atoms are rather overgrown by the 
gold film than being compressed to a dense overlayer to whom the gold less tends to bind. 
These incorporated oxygen atoms at the interface are assumed to increase the strain of the 
wetting gold film, which is released by the formation of dislocations (cf. figure 5.1.2-1c, black 
arrows). In some areas the residual oxygen is partially compressed to a dense oxygen 
overlayer on Ru(0001) to which the deposited gold is reluctant to bind at 700 K. As a 
consequence the observable holes in the gold film are formed (blue ellipses figure 5.1.2-1b). 
It should be mentioned that the deposition of more than 4 ML gold leads to the formation of 
very thick gold islands or “mesas” with a thickness of at least 100 layers (thickness > 20 nm, 
lateral size up to 500 nm) at the step bunching areas of the ruthenium surface. Similar 
mountain formation has been observed in literature for the growth of Cu and Ag on 
Ru(0001).[188] STM pictures of these thick gold mountains reveal a herringbone structure on 
top of the mountain surface (cf. figure 5.1.2-1d), thus confirming the fcc(111) orientation of 
gold growing on the Ru(0001) surface. 
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Figure 5.1.2-2: XP spectra of a 2 ML gold film formed on a nearly oxygen free Ru(0001) surface. The 
O 1s spectrum of the clean Ru(0001) surface (black curve) shows a small O 1s peak of residual 
oxygen, which was not removed by the final cleaning step, i.e. annealing in vacuum. After deposition 
of Au on the surface (red curve), the O 1s signal nearly vanished, thus indicating that the oxygen is 
now mainly buried beneath the Au film. 
 
Overall, gold deposited on the oxygen free Ru(0001) surface at 700 K leads to the formation 
of wetting gold films that is in good agreement to the literature.[154,157,163] However the 
morphologies of these films are slightly different to reference data from Hwang et al.[157,159] 
These differences in morphology may be explained by the influence of the residual oxygen on 
the Ru(0001) surface.  
Lambert et al have shown, that gold is able to overgrow an oxygen overlayer on the Ru(10-
10) surface.[161] The vanishing O 1s (530.1 eV) signal as well as the high amount of 
dislocations within the gold film strongly indicate the presence of buried oxygen at the 
interface. It is assumed that these buried oxygen atoms induce an additional strain on the gold 
film. This additional strain explains the higher number of defects and point dislocations 
within the wetting gold film.  
However, these mentioned differences are negligible compared to the morphologic 
similarities for the growth of Au on oxygen free Ru(0001) in the literature, i.e. the two-
dimensional wetting behavior of gold with absence of adsorbed oxygen. This is also 
consistent with the general thermodynamic considerations for the gold-ruthenium system by 
Young’s equation (eq. (5.1-1), page 59).  
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5.1.3 Gold deposited on RuO2(110) 
 
Wu and Hrbek studied the deposition of gold on the oxidized Ru(0001) surface by thermal 
desorption spectroscopy.[165] For this heterostructure a higher activity towards CO oxidation 
has been observed, compared to the pure RuO2(110) surface. As a result a synergistic effect 
between Au and RuO2 has been suggested. Structural details of this system have not been 
reported in the literature, but will be presented here. 
A completely covering and flat film of RuO2(110) on Ru(0001) was prepared by oxidizing the 
single crystal surface with molecular oxygen. This oxidation was conducted at 720 K and 
oxygen pressures of 1·10−4 mbar to form a wetting oxide film (cf. figure 5.1.3-1a and 5.1.3-
1b), which partially consists of relatively broad RuO2(110) terraces.[189,190]  
 
 
Figure 5.1.3-1: (a) 500 nm x 500 nm, (b) 100 nm x 100 nm : STM pictures of RuO2(110) prepared by 
oxidation of Ru(0001) at 720 K by dosing 1·10−4 mbar O2. The rotational domains of RuO2(110), that 
are tilted by 120° to each other, are highlighted by the blue arrows in (a). Also a slightly rotated 
domain of RuO2 is visible in the STM picture (green arrow in (a)). These rotated oxide domains have 
been reported in recent studies and are a result of the relatively high temperature during 
oxidation.[191] Besides the relatively rough areas of RuO2, also large and relatively flat terraces of 
RuO2(110) are formed as indicated in (b). Tunneling conditions: U = 0.9 – 1.2 V, I = 1.0 nA.    
 
Depending on the oxidation conditions, the roughness of the oxide film can be varied. At 
lower temperatures (e.g. 650 K) the oxide film is usually rougher and the oxide terrace width 
is smaller.[189,190] A STM image of the resulting RuO2(110) film (cf. figure 5.1.3-1a) displays 
the overall morphology of the formed oxide. Indicated by the blue arrows are the three 
rotational domains of RuO2(110) that are formed due to the difference in symmetry between 
the Ru(0001) substrate (C3) and the growing oxide (C2). Additionally formed to those three 
rotational domains is a newly growing RuO2(110) domain (green arrow), which is slightly 
rotated. Such additional, slightly rotated domains have recently been reported and are a result 
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of higher temperatures (> 680 K) during the Ru(0001) oxidation process.[191] The larger scan 
area of figure 5.1.3-1a also shows that the surface consists of regions with a high roughness 
(upper half) as well as flat regions with wide and atomically flat RuO2(110) terraces (lower 
half). A magnification of these flat RuO2 regions is provided in figure 5.1.3-1b.  
Subsequently 0.5 ML gold were deposited on this RuO2(110)/Ru(0001) surface at 700 K, 
which is visualized by a series of STM images (cf. figure 5.1.3-2). 
 
 
Figure 5.1.3-2: STM images of 0.5 ML Au deposited at 700 K on the previously prepared RuO2(110) 
wetting film: (a) Three different kinds of gold islands on RuO2(110) are discernible, i.e. flat and 
slender islands (green, d), cuboid-like islands (red, b), and hexagonal islands (blue, c). (b) The cuboid 
islands are located on the flat RuO2(110) regions. (c) The hexagonal gold islands are preferentially 
located at the intersections of differently rotated domains of RuO2(110). (d) From the three different 
island types the flat and slender islands are found to be the minority on RuO2(110). For these islands 
no preferential location could be determined and their chemical nature is unclear. The STM image 
areas are: (a) 200 nm × 200 nm, (b) 60 nm × 60 nm, (c) 70 nm × 70 nm, (d) 50 nm × 50 nm. 
Tunneling conditions: U = 0.7 – 1.0 V, I = 1.0 nA.  
 
By STM the three-dimensional growth of gold islands on the RuO2(110) is evident (cf. figure 
5.1.3-2a). Three different types of gold islands are discernable on the surface: hexagonal 
islands (cf. figure 5.1.3-2c), cuboid islands (cf. figure 5.1.3-2b) as well as slender thin islands 
(cf. figure 5.1.3-2d). While the hexagonal and cuboid islands are assigned to gold, the 
chemical nature of the thin and slender islands is unclear. Although their morphology is 
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similar to thin gold islands formed on TiO2(110)[20,21], these islands might also be assigned to 
small RuO2(110) flakes. The shape of the hexagonal and cuboid gold islands indicates 
different crystallographic orientations of the growing gold on the RuO2. The cuboid gold 
islands are assigned to gold with (100). These islands are located on flat terraces of 
RuO2(110) (cf. figure 5.1.3-2b). The hexagonal islands are predominantly found at the 
intersection areas of differently rotated RuO2(110) domains (cf. figure 5.1.3-2c). From their 
truncated triangular shape the fcc (111) orientation is inferred. 
Depending on the orientation of the gold island its thickness differs markedly. A statistical 
analysis of the island heights is illustrated in figure 5.1.3-3.  
 
 
Figure 5.1.3-3: Statistical examination of the island thickness of the differently shaped islands that are 
observable by STM after deposition of 0.5 ML gold on a flat RuO2(110) surface. The thickness of the 
hexagonal islands ranges between 7 to 12 layers of gold, while the much thicker cuboid islands reach 
heights up to nominal 22 layers of gold.  
 
The hexagonal gold islands are generally thinner than the cuboid gold islands. The height 
distribution for each island type is very broad. The thickness of the hexagonal islands ranges 
from approximately 7 to 12 layers. The cuboid islands are about as double as thick as the 
hexagonal islands and they reach heights up to 22 layers of gold. Therefore the gold islands 
formed on RuO2 are significantly thicker than gold islands formed on oxygen precovered 
Ru(0001) (4 to 8 layers on the (1x1)O phase, cf. figure 5.1.1-2c). 
The thickness of the gold islands grown on RuO2(110) strongly depends on the complex 
relation between the interface energy, the surface free energy of each respective 
crystallographic orientation of gold and on the occurring strain energy, which is assumed to 
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be very large if the gold grows epitaxial on the RuO2(110) surface. To give a first impression 
how the gold may bind to the RuO2 surface, a schematic illustration is given in figure 5.1.3-4. 
 
 
Figure 5.1.3-4: Schematic illustration of the top view on the stoichiometric RuO2(110) surface (a). By 
removal of the bridging oxygen atoms, two different binding structures of a single layer gold atoms on 
this mildly reduced RuO2(110) surface are shown. (b) Gold layer with a square unit cell, which is 
similar to a strained single layer of Au(100) that exclusively binds to ruthenium atoms. (c) Gold layer 
with a hexagonal unit cell, which is similar to a single layer of Au(111) but with much larger strain 
within the layer. For comparison, the nearest neighbor distance between Au atoms in Au(111) and 
Au(100) are 2.885 Å, respectively. Therefore the (100) Au overlayer is more favorable, if gold growths 
pseudomorph on the mildly reduced RuO2(110) surface.  
 
Illustrated in figure 5.1.3-4a is the top view on the stoichiometric RuO2(110) surface. Due to 
the weak gold-oxygen binding, it is reasonable that the adsorbed gold atoms would 
preferentially bind to the ruthenium atoms i.e. on-top to the 1f-cus ruthenium atoms and in 
bridge position between two 2f-cus ruthenium atoms by replacing the bridged oxygen atoms. 
Figure 5.1.3-4b illustrates this situation where gold binds to this so called mildly reduced 
RuO2(110) surface.[192] This first overlayer of gold is very similar to Au(100). By considering 
the nearest neighbor distance for Au(100) (2.885 Å x 2.885 Å) a linear tensile strain of 7.8 % 
results in the [001]14 direction and a linear tensile strain of 10.6 % occurs in the  
[-110] direction, if the first gold layer grows pseudomorph on the mildly reduced RuO2(110) 
surface. In principle it is also possible to envision a gold overlayer, where all gold atoms bind 
                                                 
14
 The directions are given with respect to the RuO2(110) (cf. figure 5.1.3-4a).  
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from the on-top position to the 1f-cus and the 2f-cus ruthenium atoms, respectively (cf. figure 
5.1.3-4c). By this arrangement a strained hexagonal gold overlayer becomes visible. But 
comparing this overlayer to a unstrained Au(111) layer (with nearest neighbor distance of 
2.885 Å x 2.885 Å), nominally linear tensile strain of 7.8 % and 23.1 % are introduced, with 
additional shear strain because of θ ≠ 60° (cf. figure 5.1.3-4c). These two illustrations of gold 
binding to the mildly reduced RuO2(110) surface indicate why the crystallographic orientation 
of Au(100) is more favored on the flat terraces. Purely considering the surface free energy of 
Au(100) and Au(111) (Au(111): 1.3 J/m2, Au(100): 1.6 J/m2)[182,184], the formation of Au(111) 
would be favored. But taking the two illustrated structures of figure 5.1.3-4 into account and 
estimating the interface energy and the strain energy of these structures, the growth of (100) 
oriented gold islands is more prefered than the growth of (111) oriented gold islands. With a 
significantly smaller in-plane strain and in-plane lattice misfit, the interface energy and the 
strain energy of Au(100) islands is assumed to be much smaller than the interface energy and 
the strain energy of Au(111) islands on the flat RuO2(110) terraces, thus explaining the 
observed growth of gold in (100) direction. At the intersection of different RuO2(110) 
domains, the formation of Au(111) islands is favored (cf. 5.1.3-2c). This indicates a strong 
influence of the symmetry of the RuO2(110) at these intersections. Obviously at these 
intersections the complex energy relation of interface energy, surface free energy and strain 
energy changes in favor of (111) oriented gold islands. But without any further information 
about the binding between the gold islands and the underlying RuO2(110) on the atomic scale, 
it is not possible to derive which of the energy contributions mostly determines the resulting 
crystallographic orientation of the gold island.  
In conclusion: the three-dimensional growth of gold islands on RuO2(110) is reasonable. At 
first, the surface free energy of gold is significantly higher than the one of RuO2 (σAu: >1.3 
J/m2; σRuO2: 0.7 J/m2),[182,184,193] which facilitates the three-dimensional growth. Secondly, the 
lattice mismatch between gold and the RuO2(110) surface is assumed to be high. This induces 
a strain at the interface that leads to higher interface and strain energies. As a result the 
deposited gold is even more pronounced to grow three-dimensional on the RuO2(110) surface. 
Evidently, the symmetry of the RuO2(110) substrate favors the formation of gold islands with 
a similar symmetry, i.e. Au islands with (111) orientation are formed on the intersections of 
different RuO2 domains while (100) oriented Au islands are formed on the flat RuO2 terraces. 
Therefore, the energy relation of interface energy, strain energy and surface free energy is 
assumed to determine the crystallographic orientation of gold on the RuO2(110) surface.  
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5.2 Redox chemistry of thin gold islands 
 
5.2.1 Oxidation at room temperature by atomic oxygen 
 
Supported thin gold layers (Au bilayer system) on TiO2(110) have shown a extraordinary high 
catalytic activity towards CO oxidation at room temperature.[20,21] However, it was mentioned 
by the authors that under realistic catalytic reaction conditions, these flat gold bilayers may 
restructure, exposing the substrate to the reactants.[21] In the forthcoming chapter this 
particular issue will be elucidated by investigating the oxidation of thin gold islands and the 
undergoing morphologic changes. As presented in the previous chapter, the thickness and the 
morphology of thin gold islands and films can be controlled properly by the applied 
temperature during the gold deposition and the oxygen precoverage on the Ru(0001) single 
crystal substrate. 
The thin gold islands were formed on a (2x1)O precovered Ru(0001) surface by deposition of 
0.5 ML Au at 670 K. As described in the previous chapter 5.1.1 (page 62ff) two and three 
layered hexagonal gold islands are formed (cf. figure 5.1.1-2a). The subsequent oxidation was 
carried out by dosing 40 L atomic oxygen towards these thin gold islands at room 
temperature. Figure 5.2.1-1 summarizes the oxidation experiments of the thin gold islands.  
The first STM image (cf. figure 5.2.1-1a) and the corresponding line scan (cf. figure 5.2.1-1c) 
show the morphology of thin gold islands on the Ru(0001)-(2x1)O surface. Figure 5.2.1-1b 
shows the surface after the oxidation by 40 L atomic oxygen. During oxidation the 
morphology of the gold islands changes significantly. The former flat islands are fragmented 
into gold nanoparticles. They are located at the positions of the former gold islands, thus 
reflecting the former shape of the hexagonal gold islands. From line scan analysis the height 
of the nanoparticles was determined to be 18.2 Å (cf. figure 5.2.1-1d). This height distribution 
illustrates that the oxidized gold nanoparticles are thicker (~ 17.4 Å) than the relative flat 
former gold islands (~ 6.2 Å) (cf. figure 5.2.1-1c). With a lateral size ranging from ~ 5 nm for 
the smallest nanoparticles to ~ 9 nm for the largest, the fragmented gold islands are more like 
flat droplets instead of spherical particles. Also the variation in lateral size reveals that the 
fragmentation process does not occur uniformly over the gold island surface. This indicates 
random positions where the fragmentation process of the gold islands starts.  
XPS measurements were performed to elucidate the change of the chemical nature of the gold 
due to its oxidation (cf. figure 5.2.1-1e). The Au 4f XP spectra of the gold islands on 
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Ru(0001)-(2x1)O (cf. figure 5.2.1-1e, red curve a) reveals signals at 84.0 eV and 87.7 eV, 
which are assigned to the metallic Au 4f7/2 and Au 4f5/2 species. 
 
 
Figure 5.2.1-1: Overview of the morphologic changes due to oxidation of thin gold islands. The STM 
images illustrate a section of 300 nm x 300 nm. (a) Deposition of 0.5 ML Au at 670 K on a (2x1)O 
precoverd Ru(0001) surface; (b) Oxidation of the thin gold islands by 40 L atomic oxygen at 300 K; 
(c) Line scan analysis of a thin gold islands; (d) Line scan analysis of an oxidized gold nanoparticle; 
(e) Corresponding Au 4f spectra of prepared Au islands (a, red) and oxidized Au islands (b, gray) 
including a peak deconvolution of the Au 4f signal area into the metallic Au (red) and the Au oxide 
(light blue) signals to elucidate the oxidation of gold. Tunneling conditions: U = 1.1 – 1.2 V, I = 1.0 
nA.  
 
After oxidation of the Au islands these signals decreased while new peakshoulders are 
evolving shifted to higher binding energies (cf. figure 5.2.1-1e, grey curve b). The peak 
deconvolution of the Au 4f signals gives further insight into the chemical nature of the formed 
nanoparticles (cf. figure 5.2.1-1e, inlet). Besides the metallic Au 4f signals (deconvoluted red 
peaks) two new Au 4f signals are found, each shifted by 1.6 eV to higher binding energies. By 
comparison to the chemical shifts for the oxidized Au(111) single crystal surfaces presented 
in chapter 4 (cf. tables 4-1 and 4-2), this additional doublet is assigned to gold oxide, most 
probably Au2O3.[58,64,70,73,74,77] Additionally, an inhomogeneous broadening of the 
deconvoluted Au 4f signals is visible (cf. figure 5.2.1-1e, inlet). The width of the Au 4f oxide 
signals is broader than the width of the corresponding metallic Au 4f signals. This broadening 
of the Au 4f peak is induced by several effects: At first, the fragmentation of the gold island 
leads to size-dependent final state effects of Au 4f features for the small oxidized gold 
nanoparticles, thus broadening the peaks. This shift of the Au 4f signals has been reported in 
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the literature for gold nanoparticles smaller than 5 nm.[76,194,195] Secondly, this broadening 
may be explained by different gold-oxygen species, which are formed during the oxidation 
and fragmentation process. Besides the formed Au(III)oxide species also the metallic gold 
atoms that are directly bound to the oxide as well as gold atoms with chemisorbed oxygen 
contribute to the Au 4f signals that are shifted to higher binding energies. This interpretation 
is similar to the one given by Gottfried et al., who also observed an inhomogeneous 
broadening of the Au 4f signals upon the oxidation of small gold nanoparticles.[70] 
To further elucidate the oxidation of the gold islands, the corresponding O 1s signals are 
presented in figure 5.2.1-2. 
 
 
Figure 5.2.1-2: O 1s XPS signal area before (red curve) and after (blue curve) the oxidation of the 
hexagonal gold islands by 40 L atomic oxygen at room temperature. With no visible chemical shift of 
the O 1s signal, the strong increase is assigned to the formation of gold(III)oxide and a (1x1)O 
overlayer on Ru(0001). 
 
From literature it is known that the gold island formation on a (2x1)O precovered Ru(0001) 
surface leads to the compression of the adsorbed oxygen to a denser (e.g. (2x2)3O) 
overlayer.[156] Therefore the O 1s peak that is observable at 530.1 eV (cf. figure 5.2.1-2, red 
curve) is assigned to such a compressed oxygen overlayer on Ru(0001).[196] After oxidation 
no shift is observable for the O 1s signal, but the oxygen signal intensity at 530.1 eV 
increased significantly (cf. figure 5.2.1-2, blue curve). This additional O 1s signal at 530.1 eV 
can be assigned to the formation of gold oxide (most likely Au2O3).[59,66,71,73,75,76] It should be 
mentioned, however, that the increase of the oxygen signal at 530.1 eV can also be assigned 
to the formation of a denser oxygen overlayer structure.[8,196] Herd et al. observed the 
formation of a (1x1)O overlayer on the Ru(0001) surface after exposure of 10 L atomic 
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oxygen at room temperature.[197] With the elucidated formation of oxidized Au species on the 
basis of the Au 4f signals, the increase of the O 1s signal is assigned to both: The formation of 
a more dense oxygen overlayer and the oxidation of the gold islands to Au oxide/Au 
nanoparticles.  
On the basis of the STM images and the XPS data, a core-shell structure for the fragmented 
Au particles is proposed. In particular, the peak deconvolution of the Au 4f signals does not 
only provide the information for the presence of Au2O3 (cf. figure 5.2.1-1 inset, deconvoluted 
light blue peaks) but also shows that metallic gold is still present (cf. figure 5.2.1-1 inlet, 
deconvoluted red peaks). Since gold oxide has a lower surface free energy than metallic 
gold,[82] the oxidized gold species tend to cover the metallic gold. The occurrence of the 
metallic gold and the oxidized gold in the formed nanoparticles indicates a core-shell 
structure, with the Au oxide shell covering the metallic Au core. Such a core-shell 
nanoparticle structure is consistent with current interpretations in the literature.[32,74] However, 
without thickness-dependent high-resolution XPS measurements the composition and 
structure of the formed nanoparticles from this fragmentation process remain elusive. 
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5.2.2 Au oxide/Au nanoparticle reduction and Au island reformation 
 
To gain insight into the chemical properties of the oxidized gold nanoparticles, reduction 
experiments at higher temperatures were carried out to restore the structure of flat gold islands 
on the ruthenium surface. Similar experiments were done on the Ru(10-10) single crystal 
surface.[160,161]  
The restoration of metallic gold islands can be achieved by either reducing the Au oxide 
nanoparticles in CO at higher temperatures, or by simple annealing to higher temperatures due 
to metastability of oxidized gold structures in UHV. By TDS, the decomposition of Au oxide 
and the desorption of chemisorbed oxygen from metallic Au has been observed by annealed 
to 390-473 K[62,63,68,69,198] or to 520-590 K[51,55,56,65,68,69,71], respectively. The restoration of 
metallic gold islands was performed by two experiments: At first the Au oxide/Au 
nanoparticles were reduced by 100 L CO (p(CO) = 1·10−6 mbar, 14 min)  at 670 K. In the 
second reduction experiment the nanoparticles were annealed to 670 K in vacuum for the 
same time period as in the chemical reduction experiment, i.e. for 14 minutes. By this 
procedure the influence of CO at higher temperatures on the gold island restoration is 
elucidated. Figure 5.2.2-1 summarizes the chemical and the thermal reduction of the 
fragmented Au nanoparticles. 
By STM the reformation of hexagonal islands due to reduction becomes evident. In case of 
the chemical reduction process (100 L CO, 670 K) large hexagonal islands were formed (cf. 
figure 5.2.2-1b). From line scan analysis a thickness of about 3 ML for these gold islands has 
been determined (cf. figure 5.2.2-1d). Therefore the former island thickness could be restored 
by reduction in CO. These gold islands are mainly located at the steps of the ruthenium 
surface, but STM also reveals that not all gold islands have the same lateral size as the as-
prepared 3 layered gold islands on oxygen precovered Ru(0001). Evidently the mobility of the 
gold atoms was not sufficient to facilitate the merging of all smaller gold islands during the 
chemical reduction process.  
If the fragmented gold nanoparticles are thermally reduced the resulting gold island 
morphology is different. A higher concentration of laterally smaller gold islands are formed 
on the Ru(0001) surface, which are located near the ruthenium steps (cf. figure 5.2.2-1c). Line 
scan analysis revealed that the height of these laterally smaller islands is about 6 layers of 
gold (cf. figure 5.2.2-1e). Therefore these islands are as double as thick as hexagonal gold 
islands that are formed during the chemical reduction process at similar temperature. XPS 
confirms the reduction of the oxidized Au particles. The metallic Au 4f signals at 84.0 eV and 
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87.7 eV increase while the Au oxide features at 85.6 eV and 89.3 eV decrease (cf. figure 
5.2.2-1f). 
 
 
Figure 5.2.2-1: Chemical and thermal reduction of oxidized 3 ML thick Au islands on Ru(0001)-
(2×1)O: (a) STM image (300 nm x 300 nm) of the oxidized islands. (b) Chemical reduction of Au 
oxide/Au nanoparticles by exposing 100 L of CO at 670 K (STM image area: 300 nm x 300 nm). (c) 
Thermal reduction by annealing to 670 K in a vacuum for 14 min (STM image area: 300 nm x 300 
nm). Both, the line scan analysis (d, e) and XPS data of the Au 4f signals (f) and the O 1s signals (g) 
evidently show the reduction of the nanoparticles as well as the gold island reformation and their 
lateral expansion on the surface depending on the oxygen overlayer. Tunneling conditions: U = 1.1 V, 
I = 1.0 nA.  
 
Also the O 1s signal at 530.1 eV decreases (cf. figure 5.2.2-1g). This confirms the reduction 
of the fragmented Au oxide nanoparticles and the loss of oxygen from the surface.  
By the Au 4f and the O 1s spectra, the resulting lateral size and thickness of the formed 
hexagonal islands, depending on the reduction procedure, can be confirmed, too. The Au 4f 
signal intensity of the formed gold islands after chemical reduction is higher than the Au 4f 
signal intensity of the thicker gold islands that are formed after thermal reduction (cf. figure 
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5.2.2-1f). Also the O 1s signal is lower for the chemically reduced surface than the O 1s signal 
after thermal reduction (cf. figure 5.2.2-1g). With a desorption temperature of > 1200 K for 
Au from the Ru(0001) surface[165,186], it is excluded that Au desorbed from the surface during 
both reduction experiments. Instead the lower Au 4f signals for the thermally reduced surface 
are explained by the thickness of the resulting Au islands (cf. figure 5.2.2-1f, orange curve c). 
After chemical reduction, the formed Au islands are as thick as freshly prepared Au islands on 
the (2x1)O precovered Ru(0001) surface. The Au 4f signal intensities for these two surfaces 
are equal, i.e. the same amount of gold is detected by XPS.  
The difference in gold islands thickness after reduction can be explained by the oxygen 
overlayer on Ru(0001) surrounding the Au oxide/Au nanoparticles. By comparing the O 1s 
signals, the influence of CO on the removal of oxygen from the surface during the reduction 
process becomes evident. The reduction of the surface with 100 L CO at 670 K does not only 
lead to the reduction of the nanoparticles. It is assumed that the oxygen overlayer is reduced 
at these conditions (cf. figure 5.2.2-1g, green curve b), thus giving the reduced gold atoms 
more space to rewet the ruthenium surface with no oxygen bound at the interface. The 
adsorbed CO also increases the mobility of the gold atoms on the surface during the reduction 
process, thus further facilitating the rewetting behavior on the ruthenium surface.[199]  
However this does not happen by the thermal reduction at 670 K because the temperature is to 
low to desorb oxygen from the Ru(0001) surface.15 Therefore the oxygen stays in the 
compressed (1x1)O or (2x2)3O overlayer structures, thus giving the gold atoms less space to 
rewet the surface, which leads to more three-dimensional gold islands on the surface.  
The effect of the oxygen overlayer on the rewetting behavior of the reduced Au nanoparticles 
becomes even more evident by comparing the islands morphology (i.e. the island thickness 
and its lateral expansion after the reduction) to the as-prepared Au islands on the (2x1)O and 
(1x1)O precovered Ru(0001) surface (cf. chapter 5.1.1), respectively. The height and the 
lateral expansion of the Au islands after thermal reduction is similar to gold islands prepared 
on the Ru(0001)-(1x1)O surface. This also indicates a dense (1x1)O overlayer on the 
ruthenium surface after the thermal reduction. In the case of the chemical reduction, the 
morphology of the formed Au islands is similar to the morphology of as-prepared Au islands 
on the Ru(0001)-(2x1)O surface. This comparison also supports a reduction of the oxygen 
overlayer by CO during the chemical reduction process. 
 
 
                                                 
15
 Desorption of chemisorbed oxygen from the Ru(0001) starts above 1100 K.[185] 
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5.3 Thickness dependent oxidation of gold islands 
 
Upon oxidation at room temperature, the former flat thin gold islands are fragmented into Au 
oxide/Au nanoparticles. Depending on the gold island thickness, the size of the formed 
particles as well as the degree of the fragmentation changes significantly, which is 
summarized in the following series of STM pictures (cf. figure 5.3-1). To study this thickness 
depending oxidation, very thin gold islands with a thickness of 2 and 3 layers as well as 
thicker gold islands with a thickness of ≥ 4 layers were prepared. These gold islands were all 
oxidized using the same conditions, i.e. 40 L atomic oxygen at room temperature. As 
previously described, the thickness of gold islands can be controlled by the applied 
temperature and the precoverage of the chemisorbed oxygen layer. 
 
 
Figure 5.3-1: Gold islands were formed on a (2x1)O-Ru(0001) surface at different temperatures to 
regulate their thickness. The STM images (a), (b), (c) illustrate a section of 300 nm x 300 nm. The 
magnifications (d), (e), (f) are in the range of 60 nm x 60 nm. (a) Two layered gold islands after 
exposure of 40 L atomic oxygen at room temperature, (b) three layered gold islands after exposure of 
40 L atomic oxygen at room temperature, (c) four or five layered gold islands after exposure of 40 L 
atomic oxygen at room temperature. (d),(e),(f) Magnification of a former two, three or four layered 
gold island that is oxidized by 40 L O´, respectively. Tunneling conditions: U = 1.1 – 1.2 V, I = 1.0 
nA. 
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From this series of STM images, the following conclusion is drawn: 
With increasing thickness of the former gold island the number of fragmented gold 
oxide nanoparticles decreases while their lateral size increases. 
The STM images show the thickness depending oxidation behavior of the gold islands (cf. 
figure 5.3-1a-c). The corresponding magnifications of the respective oxidized surfaces 
elucidate these thickness dependent morphologic changes (cf. figure 5.3-1d-f). After dosage of 
40 L atomic oxygen to two layered gold islands (cf. figure 5.3-1d) nanoparticles are formed 
that are completely separated from each other. The oxidation of three layered gold islands (cf. 
figure 5.3-1e) leads to particles that are still connected to each other. For even thicker gold 
islands (≥ four layers) the exposure of 40 L atomic oxygen is insufficient to either form a 
single gold particle, or to fragment the gold island into a network of connected nanoparticles 
(cf. figure 5.3-1f).  
Although the resulting morphology is different, it should be noted that further oxidation of the 
three or four layered islands also leads to separated nanoparticles but with larger size. 
Therefore not only the size and the amount of the formed nanoparticles depend on the former 
island thickness, the rate of the Au oxide/Au nanoparticles formation is also thickness 
dependent.  
The corresponding Au 4f XPS data indicate that these bigger particles also consist of Au 
oxide and metallic Au (not shown due to its similarity to the previously shown spectra in 
figure 5.2.1-1f)16. In principle, with high resolution XPS measurements of the oxidized Au 
nanoparticles it would be possible to determine the amount of the formed Au oxide, 
depending on the Au nanoparticle size. Also further deconvolution of the Au 4f signals would 
be desirable to determine the influence of the final state effects on the one hand and to 
distinguish between the different gold-oxygen species in the fragmented Au nanoparticles on 
the other hand. However this quantitative evaluation of the amount of formed Au oxide was 
beyond the scope of this work. 
In the following a more detailed description of the oxidation of three layered and four layered 
gold islands will be presented. Especially the morphologic changes during the oxidation 
process will be elucidated by stepwise increasing the amount of atomic oxygen at room 
temperature. 
 
 
                                                 
16
 The XPS data is not shown, because the Au 4f spectra look similar to the previously presented data from 
figure 5.2.1-1e. 
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5.3.1 Incremental oxidation of three layered gold islands 
 
Successive exposures of atomic oxygen (5 L, 10 L, 20 L, 40 L, 80 L, 150 L, and 250 L) were 
introduced to three layered gold islands at room temperature. With ex-situ STM 
measurements a deeper understanding of the processes at the atomic level during the 
oxidation were gained (cf. figure 5.3.1-1).  
 
 
Figure 5.3.1-1: All STM images illustrate a surface area of 100 nm x 100 nm. (a) 0.5 ML Au deposited 
at 700 K on the (2x1)O precovered Ru(0001) surface. (b) 5, (c) 10, (d) 20, (e) 40, (f) 80, (g) 150, and 
(h) 250 langmuirs of O′ dosed to the three layered gold islands, respectively. Until 80 L of O′ only 
oxidation and fragmentation of the gold islands is visible (b−f). At higher dosages of atomic oxygen 
(g, h) the morphology of the fragmented Au nanoparticles does not change furthermore. Instead the 
oxidation of the Ru(0001) substrate is more pronounced (highlighted in h). Tunneling conditions: U = 
1.1 – 1.2 V, I = 0.7 – 1.0 nA.   
 
Compared to the oxidation of a two layered gold island (cf. figure 5.3-1a,d, page 82), this 
series of STM images evidences that higher exposures of atomic oxygen are necessary to 
form separated Au oxide/Au nanoparticles from a former three layered gold island. Between 
total exposures of 40 to 80 L O´ the fragmentation of most of the three layered gold islands 
into separated nanoparticles is complete (cf. figure 5.3.1-1e and 5.3.1-1f). A closer inspection 
of the STM images reveals the simultaneous oxidation of the gold islands from on-top and at 
their sides: The oxidation at the side is visible by the continuous loss of the hexagonal shape 
of the gold islands (cf. figure 5.3.1-1d,e), while the oxidation from the top is visible by the 
formation of cracks and holes in the gold island (cf. figure 5.3.1-1b-d). These cracks are 
enlarged at higher dosages of atomic oxygen leading first to a network of connected 
nanoparticles (cf. figure 5.3.1-1d,e), followed by the complete separation of the nanoparticles 
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(cf. figure 5.3.1-1f). Between an exposure of 100 L and 250 L atomic oxygen (cf. figure 5.3.1-
1g and 5.3.1-1h, respectively), the size of the separated nanoparticles does not change 
furthermore. This leads to the suggestion that the oxidation of gold is saturated. By assuming 
a core shell structure for the oxidized gold nanoparticles, the formation of the covering Au2O3 
shell inhibits further oxidation of the gold core due to the lack of exposed metallic gold atoms 
to the atomic oxygen. At dosages of 80 L atomic oxygen the oxidation of the ruthenium 
surface becomes noticeable by the formation of small ruthenium oxide nanoparticles on the 
terraces (cf. figure 5.3.1-1f). At higher dosages of atomic oxygen (150 L to 250 L) the 
oxidation of the Ru(0001) terraces is now favored (cf. figure 5.3.1-1g,h). For comparison: to 
form similar concentrations of these small RuOx clusters on the bare Ru(0001) surface, 
significant lower amount of atomic oxygen are needed, i.e. 10 L O´ to 20 L O´.[197,200] This 
observation confirms the interpretation that most of the dosed atomic oxygen first oxidizes the 
gold islands (< 80 L O´). The oxidation of the Ru(0001) surface starts after most of the 
covering gold oxide shell is already formed, thus leaving decreasingly amounts of metallic 
gold atoms left on the surface for the oxidation. Therefore the oxidation of the gold islands 
and the fragmentation into nanoparticles depends on the availability of metallic gold atoms, 
which itself strongly depends on the degree of fragmentation and the size of the formed 
oxidized gold nanoparticles.  
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5.3.2 Incremental oxidation of four layered gold islands 
 
To further elucidate the thickness dependent oxidation, thicker gold islands (≥ 4 layers) were 
exposed to successive amounts of atomic oxygen (5 L, 10 L, 20 L, 40 L, 80 L, 150 L, and 250 
L) at room temperature. STM measurements were performed to monitor the morphologic 
changes of four layered gold islands due to their oxidation (cf. figure 5.3.2-1).  
 
 
Figure 5.3.2-1: A series of STM images (100 nm x 100 nm) displays the oxidation of four layered gold 
islands at room temperature by increasing amounts of atomic oxygen: (a) clean Ru(0001)-(2x1)O 
surface; (b) 0.4 ML of Au deposited at 800 K; (c) 5 L, (e) 10 L, (f) 20 L, (g) 40 L, (i) 80 L, (j) 150 L, 
and (k) 250 L of atomic oxygen. During oxidation no fragmentation into several nanoparticles was 
observed, instead the transformation of single gold islands into one bigger nanoparticle occurred at 
higher dosages of atomic oxygen (j, k, l) simultaneous to the oxidation of the Ru(0001) substrate. 
From the line scans (d, h) the shoveling of Au atoms to the rim of the islands during the oxidation 
becomes evident. Tunneling conditions: U = 1.1 – 1.2 V, I = 0.8 – 1.0 nA. 
 
From this series of STM images the differences between the oxidation of thinner gold islands 
(cf. three layered gold islands, figure 5.3.1-1) and these thicker gold islands (cf. figure 5.3.2-
1) becomes evident. To form separated gold oxide nanoparticles, approximately 80 to 150 L 
O´ of atomic oxygen is needed (cf. figure 5.3.2-1i and 5.3.2-1j). Therefore more atomic 
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oxygen is necessary to form separated nanoparticles, compared to the oxidation of three 
layered gold islands.  
The oxidation process of the four layered gold islands is different from the oxidation of the 
three layered gold islands: Neither the formation of deep cracks and holes nor a fragmentation 
of the island into many nanoparticles is observable (cf. figure 5.3.2-1e-g). Instead the four 
layered gold islands already lost their hexagonal shape after exposure of 40 L atomic oxygen 
(cf. figure 5.3.2-1e-g). STM images and corresponding line scans illustrate that most of the 
oxidized gold is shoveled to the top of the Au island (cf. figure 5.3.2-1c,d,e). With ongoing 
oxidation (20 L to 40 L O`), the shoveled gold atoms agglomerate at the rim of the island, 
thus leading to the shape of a volcano-like island structures (cf. figure 5.3.2-1g and 5.3.2-1h). 
At even higher exposures of atomic oxygen (80 – 150 L O`) very few but big gold 
nanoparticles are formed (cf. figure 5.3.2-1i). The four layered islands are directly 
transformed into single big nanoparticles, because no fragmentation of the gold island occurs. 
Again the oxidation of the ruthenium surface starts at higher exposures of atomic oxygen (≥ 
150 L O`) (cf. figure 5.3.2-1i-k), after most of the gold islands are already oxidized and 
transformed into nanoparticles. 
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5.3.3 Statistic evaluation of the gold nanoparticle height 
 
By line scan analysis in the STM images, the heights of the fragmented three and four layered 
gold islands are obtained and presented in the following histograms (cf. figure 5.3.3-1). 
 
Figure 5.3.3-1: Statistics of the gold nanoparticle thickness evolution with increasing exposures of 
atomic oxygen. Starting from three layered gold islands (red distributions, left) or four layered gold 
islands (blue distributions, right), the height of the formed gold nanoparticles increases steadily with 
increasing dosages of atomic oxygen. In both cases, saturation at around 2.6 nm is obtained after 
exposure of 250 L atomic oxygen. 
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Starting from a very narrow height distribution for the three (~ 6.3 Å) and the four layered 
gold islands (~ 8.4 Å), the thickness of the resulting separated gold nanoparticles is 
significantly higher. Although the thickness of the gold islands was different, the height of the 
formed nanoparticles is similar. After a total exposure of 250 L atomic oxygen, the thickness 
of the formed gold particles saturates around 25 Å with a relative broad height distribution of 
± 5 Å. It should be mentioned that, although the nanoparticle height is similar for an oxidized 
three layered or four layered gold islands, the amount of formed nanoparticles and their lateral 
size differ significantly. A three layered gold island is fragmented into more gold 
nanoparticles that are smaller than the nanoparticle formed by oxidation of a four layered gold 
island. They are either fragmented into very few bigger nanoparticles or completely 
transformed into one single big nanoparticle. As a result, the oxidation of the three layered 
gold islands leads to a higher surface to volume ratio of gold on the surface than the oxidation 
of four layered gold islands. 
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5.3.4 Oxidation of thick Au islands grown on RuO2(110) 
 
While thinner gold islands are fragmented into nanoparticles upon exposure of atomic 
oxygen, thicker gold islands (> 5 layers) are either transformed into only a single oxidized 
gold nanoparticle or seem to stay mainly unaffected. A good example is the oxidation of the 
hexagonal or the cuboid islands deposited on RuO2, which are 7-12 or 11-22 layers thick, 
respectively (cf. figure 5.3.4-1). For oxidation of these thick islands, 40 L of atomic oxygen 
were dosed at room temperature. 
 
 
Figure 5.3.4-1: Oxidation of 0.5 ML gold deposited on RuO2(110) by dosing 40 L O´ at room 
temperature. STM image area range: (a) 300 nm x 300 nm, (b) 150 nm x 150 nm. The former 
hexagonal islands are now round-shaped, while the cuboid islands are still recognizable. Only their 
corners are slightly rounded. (c) The line scan illustrates the shape of the oxidized gold island. (d) 
XPS data of the Au 4f signal area shows the partial oxidation of the gold islands, i.e. gold oxide 
signals evolving at higher binding energies while the Au 4f signals for metallic gold decreases. 
Tunneling conditions: U = 1.1 V, I = 1.0 nA. 
 
The STM images show round-shaped islands that are equally distributed over the RuO2(110) 
surface after the exposure of 40 L atomic oxygen (cf. figure 5.3.4-1a,b). No fragmentation of 
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any of these thicker islands is observed on the surface. While the former hexagonal islands 
lost their former shape, the cuboid islands can still be recognized by their overall shape. Only 
a slight chamfer of the cuboid island corners is visible (cf. figure 5.3.4-1b). From STM, no 
reaction of the underlying RuO2(110) film with the exposed atomic oxygen has been 
observed. The partial oxidation the hexagonal and cuboid gold islands is confirmed by XPS 
(cf. figure 5.3.4-1c). The Au 4f signals for oxidized gold (e.g. Au2O3) located at higher 
binding energies are visible as well as the decrease of the metallic gold signal intensity at 84.0 
eV and 87.7 eV, respectively.  
Evidently the oxidation of the hexagonal gold islands occurs mainly at the corners of the 
islands and therefore at the island sides. From the fast formation of roundly shaped islands, it 
is assumed that the oxidized mobile gold atoms are not exclusively shoveled to the top of the 
islands. With island heights up to 5 nm, the island sides are considered as larger facets of 
gold, i.e. a different crystallographic orientation of gold. With increasing height of the gold 
islands, it is possible that the mobile gold atoms also start to agglomerate at the island sides, 
thus facilitating the rounding of the gold islands. A line scan of an oxidized gold island shows 
droplet like form, which confirms the shoveling of gold atoms to the top of the former 
metallic gold island. However the height of approximately 3.5 nm reveals only a rather small 
increase of height due to the agglomeration of gold atoms on-top of the island. For 
comparison: the four layered gold island thickness increased from 8.4 Å to about 17 Å after 
exposure of 40 L atomic oxygen, thus evidently showing the shoveling of gold atoms to the 
top of the gold island. In case of the already very thick gold islands (cf. figure 5.1.3-3, page 
72) on RuO2, this increase in height is significantly lower than one would expect if all the 
oxidized gold atoms are transported to the top side of the gold island, too. Therefore it is 
assumed that either these thicker gold islands on RuO2(110) are significantly less oxidized by 
the 40 L O´, or the oxidized atoms do not exclusively agglomerate on the top of the island. An 
agglomeration of the oxidized and mobile gold atoms at the island sides may also be possible.   
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5.4 Oxidation of gold films 
 
5.4.1 Oxidation of thin gold films by atomic oxygen 
 
After the investigation of the thickness dependent oxidation of thin gold islands grown on the 
Ru(0001) surface, one major question is still not elucidated: Is the ruthenium substrate 
involved in the gold oxidation and island fragmentation process? To deal with this particular 
question, thin and wetting films of gold were prepared on the oxygen free Ru(0001) surface. 
By covering the complete Ru(0001) surface, the exposure of atomic oxygen at room 
temperature can solely oxidize the gold film, i.e. the direct influence of the Ru(0001) 
substrate on the oxidation and fragmentation process is excluded. However, the influence of 
the underlying ruthenium substrate on the chemical properties and the electronic structure of 
the thin gold films (or islands) remain elusive.  
The oxidation of the thin gold films was carried out at room temperature by the exposure of 
atomic oxygen, which has been produced from a thermal gas cracker. Figure 5.4.1-1 shows 
Au 4f spectra and STM images of the oxidation of a 2 ML gold film17 by 40 L O´.  
As described previously, the deposition of gold on oxygen free Ru(0001) at 700 K leads to the 
formation of wetting films of gold on the ruthenium surface. However these covering films 
exhibit several holes, thus exposing still some of the underlying Ru(0001) surface (cf. figure 
5.4.1-1c). This is explained by residual oxygen, which could not be removed during the 
cleaning process of the Ru(0001) single crystal surface. Although the gold film is not 
completely covering, the two-dimensional growth of gold on this oxygen free Ru(0001) 
surface is evident. By the holes in the gold film, the final height of the grown gold layer could 
be confirmed by STM line scan analysis. The morphology of the covering 2 ML thick gold 
film changes to separate gold nanoparticles (cf. figure 5.4.1-1d) after the exposure of 40 L O´. 
The oxidation of the gold film is monitored by XPS (cf. figure 5.4.1-1a). By STM the former 
holes in the gold film are still recognizable after the oxidation and the fragmentation process.  
 
                                                 
17
 The preparation of gold films and its morphology on ruthenium has previously been described in chapter 5.1.2 
(cf. page 67ff). 
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Figure 5.4.1-1: XPS data of the Au 4f region (a) and the series of STM images ((b),(c),(d): 150 nm x 
150 nm) evidently show the oxidation of the 2 ML thin gold film by the dosed atomic oxygen at room 
temperature.  Similar to the oxidation of thin gold islands, the exposure of atomic oxygen, the 
morphology of the covering gold film changes to separated oxidized gold nanoparticles. (b) The clean 
and oxygen free Ru(0001) surface; (c) Covering 2 ML thin gold film formed at 700 K; (d) Oxidation of 
the gold film by exposure of 40 L O´ at room temperature. Tunneling conditions: U = 0.7 – 1.0 V, I = 
0.1 – 1.0 nA.  
 
 
 
Figure 5.4.1-2: Peak deconvolution of the Au 4f region to display the formation of gold oxide due to 
the fragmentation process of a 2 ML gold film that was exposed to 40 L O´ at room temperature. The 
red XPS-fit nicely matches to the XPS data of the Au 4f region. The Au 4f signals shifted by 1.7 eV to 
higher binding energies are assigned to gold oxide species (e.g. Au2O3). Therefore the formed 
nanoparticles evidently consist of metallic gold as well as oxidized gold. 
 
The peak deconvolution of the Au 4f signals evidently illustrates the oxidation of the gold 
film (cf. figure 5.4.1-2). Shifted by ~ 1.7 eV to higher binding energies, the evolving Au 4f
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signals (cf. figure 5.4.1-2, light blue signals) are assigned to oxidized gold (Au2O3). 
Simultaneously the Au 4f signals for metallic gold are decreasing (cf. figure 5.4.1-1a).  
The deconvoluted Au 4f XPS signals indicate that these nanoparticles have a similar structure 
and morphology as the previously described gold nanoparticles that are formed by the 
oxidation of thin gold islands. Also the fragmentation process and the morphology of the 
formed separated gold nanoparticles are similar to the nanoparticles formed by oxidation of 
equally thin (2 ML) gold islands. Due to these similarities the fragmentation process is 
thought to be independent on the lateral size of the gold island or the amount of the exposed 
Ru(0001) surface.  
Thermal reduction of the gold nanoparticles was performed by annealing the fragmented gold 
film to 700 K for 15 min (cf. figure 5.4.1-3). XPS measurements (not shown) reveal the 
increase of the metallic gold signals, while the signals for gold oxide (Au 4f7/2 at 85.7 eV and 
89.4 eV) disappear. STM images show that no complete wetting gold film on ruthenium is 
formed during this thermal reduction. Instead many hexagonal gold islands are distributed 
over the surface (cf. figure 5.4.1-3). This island formation is assumed to be induced by a 
formed oxygen overlayer on the Ru(0001) surface. During oxidation most of the ruthenium 
substrate stays covered by gold, even after the Au oxide/Au nanoparticle formation (cf. figure 
5.4.1-1d). So where does the oxygen for the overlayer on Ru(0001) come from? 
During this thermal reduction at 700 K, the gold atoms are mobile on the ruthenium surface. 
By annealing the fragmented nanoparticles to 700 K the gold oxide decomposes, thus 
releasing the oxygen. The oxygen atoms can either diffuse and bind to the ruthenium substrate 
or recombine and desorb as molecular oxygen from the gold. Cuenya et al. suggested an 
oxygen spillover mechanism from oxidized gold nanoparticles to the underlying, partially 
reduced TiO2 substrate surface as a possible decomposition pathway.[32] With the strong 
oxygen-ruthenium binding as a driving force, the thermal reduction of the gold oxide 
nanoparticles on Ru(0001) is assumed to proceed by a similar oxygen spillover process. TDS 
experiments of different oxidized gold surfaces further support this suggestion: As already 
presented in table 1.2-1 the decomposition of gold oxides occurs at lower temperatures than 
desorption of chemisorbed oxygen from gold (cf. chapter 1.2).[68,69] Even if some oxygen 
immediately desorbs during the decomposition process, it is assumed that most of the oxygen 
atoms diffuse to the ruthenium surface where they form a strongly bound chemisorbed 
oxygen species. As previously described, the metallic gold does not tend to bind to the 
oxygen covered Ru(0001) surface. Therefore the increasing amounts of chemisorbed oxygen 
on Ru(0001) leave less space for the metallic gold to rewet the surface. As a consequence 
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thick hexagonal gold islands (6 to 9 layers) are formed besides a compressed oxygen 
overlayer on Ru(0001).  
The applied temperature of 700 K during this thermal reduction process excludes the 
desorption of gold from the Ru(0001) surface, which occur at temperatures above 1200 
K.[165,186] Therefore the former 2 ML gold film has been completely rearranged to these thick 
hexagonal gold islands by this reduction procedure. To reform a wetting gold film on 
ruthenium it is necessary to remove the oxygen overlayer. This could be achieved by 
reduction at higher temperatures in a reductive atmosphere (i.e. CO or H2).  
 
 
Figure 5.4.1-3: The STM images ((a) 300 nm x 300 nm, (b) 140 nm x 140 nm, (c) 60 nm x 60 nm) 
show the thermal reduction of the oxidized gold nanoparticles, which was accomplished by annealing 
the surface to 700 K in vacuum for 15 min. The gold is reduced and rearranged into broad and thick 
Au islands (6 to 9 ML). Thick thickness of the gold islands is significantly higher than the thickness of 
the former gold film (2 ML). Because the annealing temperature of 700 K is much lower than the 
desorption temperature of gold from ruthenium it is assumed that the gold from the nanoparticles is 
completely transformed to the hexagonal islands. An oxygen spillover process from the decomposing 
gold oxide to the ruthenium surface is suggested, which form an oxygen overlayer on the Ru(0001) 
surface to whom the metallic gold less tends to bind. Instead of rewetting the ruthenium surface and 
forming a thin gold film, the gold coalescences to three-dimensional hexagonal islands. Tunneling 
conditions: U = 0.9 – 1.2 V, I = 1.0 nA.  
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5.4.2 Thickness dependent oxidation of gold films 
 
Gold films with variable thickness were prepared on a oxygen free Ru(0001) surface, to 
further investigate their oxidation behavior. Figure 5.4.2-1 shows a series of STM images of 
oxidized gold films depending on their former thickness after an exposure of 40 L atomic 
oxygen at room temperature. 
 
 
Figure 5.4.2-1: The STM images (150 nm × 150 nm) show the oxidation of gold films with different 
thickness after exposure of 40 L of atomic oxygen at 300 K. Similar to the oxidation of thin gold 
islands, the degree and the rate of fragmentation evidently depends on the former film thickness. For a 
2 ML thick gold film the complete fragmentation into nanoparticles is visible ((a), (b)) while for a 3 
ML thick gold film a network of connected particles is formed ((c), (d)). The oxidation of very thick 
gold islands (more than 100 layers thick) is similar to the Au(111) single crystal oxidation ((e), (f)). 
Tunneling conditions: U = 0.7 – 1.1 V, I = 0.2 – 1.0 nA.  
 
After the exposure of 40 L atomic oxygen to a two layered gold film (cf. figure 5.4.2-1a) at 
room temperature, separated nanoparticles are formed on the surface. In the case of a three 
layered gold film (cf. figure 5.4.2-1c) a network of connected nanoparticles is observabed. 
The formation of separated gold nanoparticles and connected nanoparticles, due to 
fragmentation of a two layered and three layered gold films, respectively, is similar to the 
fragmentation of two and three layered gold islands. Not only are the oxidation mechanism of 
gold islands and films evidently the same (i.e. fragmentation and formation of small 
particles), in fact they show the same resulting progress in fragmentation depending on the 
former thickness of the metallic gold. The corresponding line scans confirm the similarities to 
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the oxidation of two and three layered gold islands with heights of about 17 Å after the 
dosage of 40 L O´ (cf. figure 5.4.2-1b,d). This increase in height also indicates a shoveling 
process of released gold atoms to the top of the gold film. Moreover the oxidation and 
fragmentation of thin gold layers does not necessarily need rims or step edges. Evidently gold 
atoms can be released directly from the top gold layer, which leads to defect sites from whom 
the disruption of the gold film can proceed. The degree of fragmentation of the thin gold 
layers is assumed to depend on the number of such formed disrupting defect sites. 
In figure 5.4.2-1e the oxidation of a very thick gold island (> 100 ML Au) is depicted. The 
oxidation shows the typical morphology that is observable after oxidation of a Au(111) single 
crystal surface.[36] For these thick Au layers, no fragmentation or particle formation occurs. 
Instead its surface starts to roughen by 2-3 Å (cf. figure 5.4.2-1f), which is consistent to the 
observed roughening of the Au(111) single crystal surface.[66] 
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5.5 Proposed mechanism for the fragmentation process of thin gold 
islands and films 
 
The combined results of STM and XPS show the thickness dependent oxidation behavior of 
thin gold islands and films. During oxidation the gold islands fragment into nanoparticles that 
consist of metallic gold as well as gold oxide. As previously discussed, the formation of core-
shell structures for these small nanoparticles is a possible interpretation based on the XPS data 
and similar interpretations in the literature for partially oxidized gold nanoparticles.[32,74] The 
formed gold nanoparticles, due to fragmentation of thin gold films or islands, are assumed to 
consist of a gold oxide shell covering the metallic core. After a completely wetting oxide shell 
is formed, no metallic gold is exposed to the gas phase and further oxidation by the atomic 
oxygen is inhibited. This is shown by the STM images where the morphology of the 
nanoparticles does not change further on, after a certain amount of atomic oxygen was dosed 
and the formation of separated nanoparticles was completed. Instead the oxidation of the 
ruthenium substrate is more and more favored and the Ru(0001) steps and terraces are 
decorated by small RuOx particles.  
The STM experiments lead to the following general considerations: After an exposure of 40 L 
atomic oxygen at room temperature, a single thin island (≤ 3 layers) is fragmented into 
several oxidized gold nanoparticles. In contrast, a single thicker island (4 layers), which 
contains the same amount of gold as the thinner island, is now transformed into only a few 
nanoparticles that are still connected to each other, but separate at higher dosages of atomic 
oxygen. Even thicker gold islands (≥ 5 layers) are transformed into one single big gold 
nanoparticle. These nanoparticles are usually laterally larger and contain more gold than the 
nanoparticles formed after the fragmentation of thinner gold islands.  
In the following an oxidation mechanism will be suggested to describe the thickness 
dependent fragmentation process. For this oxidation mechanism a mobile gold-oxygen 
species needs to be introduced. The existence of such a mobile AuOx precursor species is 
based on the literature of the Au(111) single crystal oxidation: During the oxidation of the 
Au(111) single crystal surface undercoordinated gold atoms are produced, leading to a 
roughening of the surface with ongoing oxidation.[32,38-40,51,58-61] Induced by atomic oxygen, 
single gold atoms are released from the gold surface to form a mobile AuO2 species.[57,78] 
These AuO2 species are determined to be the precursors, which form gold oxide structures 
with ongoing oxidation.[38,39,57]  
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Figure 5.5-1 shows a schematic illustration of the suggested thickness dependent oxidation 
mechanism of thin gold structures at room temperature. 
 
 
Figure 5.5-1: Schematic illustration of the proposed oxidation mechanism of thin gold islands (or 
films) by the exposure of atomic oxygen at room temperature via a shoveling process of mobile gold 
atoms. By adsorption of atomic oxygen at room temperature single gold atoms are released from the 
gold surface, thus forming a mobile AuOx precursor species (here illustrated as AuO2). Several AuOx 
precursors form a Au oxide, which covering metallic gold atoms. Because the mobile AuOx precursors 
are assumed to be unstable on the Ru(0001) surface, oxidized gold atoms are expelled from the 
Au/Ru(0001) interface, which results in the fragmentation of the island. The degree of fragmentation 
for thin gold islands (≤ 3 layers) is high because the formation of AuOx precursors at the Au/Ru(0001) 
interface is more probable compared to thicker gold islands (> 4 layers). With increasing thickness of 
the gold islands (or films) the probability of formed AuOx precursors at the interface decreases, thus 
prohibiting the fragmentation. 
 
At room temperature the atomic oxygen adsorbs on the thin gold islands. If two oxygen atoms 
bind to a single gold atom, the mobile AuO2 precursor species is formed and the gold atom 
can be released from the gold island. Generally undercoordinated gold atoms can be oxidized 
easier by atomic oxygen than highly coordinated gold atoms due to a higher reactivity. As a 
consequence the steps and defect sites of gold islands are preferentially attacked by the atomic 
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oxygen. By generating a defect in the flat terrace by releasing a single gold atom, additional 
AuOx precursors are formed at these new defect sites by the highly reactive atomic oxygen.  
These precursors are able to diffuse over the gold island surface due to its high mobility at 
room temperature. By a nucleation and growth process the mobile AuOx precursors start to 
arrange themselves to a covering Au oxide on the metallic Au islands. In principle gold oxide 
could also bind to the Ru(0001) surface. But if the mobile AuOx precursor stays on the 
ruthenium surface its stability is assumed to decrease dramatically. By comparing the weak 
Au-O binding and the strong Ru-O binding it is reasonable that the mobile AuOx precursors 
should decompose rather easy on the metallic Ru(0001) surface. The instability of the AuOx 
precursor on the Ru(0001) surface is assumed to be the reason for the fragmentation of the 
thin gold structures into oxidized gold nanoparticles. Starting from defect sites, the additional 
atomic oxygen induces the penetration into the island by shoveling the mobile precursors onto 
the upper layers of the metallic gold island (or film).   
For thin gold structures the continuous shoveling of Au atoms leads to the formation of AuOx 
precursors at the interface. An extreme example is the oxidation a single monolayer of gold 
on Ru(0001). By the exposure of atomic oxygen, the AuOx precursors would be formed 
immediately at the interface. The amount of gold atoms that have to get oxidized and 
shoveled on top of the metallic gold islands, before AuOx at the interface is formed, increases 
with increasing thickness of the gold structures. Therefore larger amounts of atomic oxygen 
are necessary to produce separated gold nanoparticles. This becomes evident by comparing 
the oxidation of two and three layered gold islands, where 40 L and 80 L O´ are needed for 
the formation of completely separated nanoparticles, respectively. Besides the rate of 
fragmentation, the degree of fragmentation is also assumed to critically depend on the AuOx 
formation probability at the interface. If many AuOx precursors are formed during the 
oxidation the degree of fragmentation and the amount of the formed nanoparticles is higher, 
too. For thicker gold structures (≥ 5 layers) the penetration into the gold layers is not 
sufficient to form AuOx species at the interface. As a consequence the degree of 
fragmentation is much lower and larger particles are formed. In case of the oxidation of a 
thick gold island, its transformation into one big particle is more likely than a fragmentation 
into several smaller particles.  
So the amount of formed AuOx precursors at the interface determines the degree of 
fragmentation of a single island and therefore the amount and the size of formed 
oxidized gold nanoparticles.  
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5.6 Activity of the oxidized gold nanoparticles  
 
5.6.1 Transient activity of the oxidized gold nanoparticles 
 
To get a first impression about the activity of the formed gold nanoparticles, reduction 
experiments were performed with CO at room temperature. By these experiments a transient 
activity of the oxidized gold nanoparticles towards CO conversion is investigated. At first, 
oxidized gold nanoparticles were prepared by dosing 40 L atomic oxygen to a 2 ML thick 
gold film. These Au oxide/Au nanoparticles were reduced by dosing 100 L CO (p(CO) = 
1·10−7 mbar, 15 min) at room temperature. Usually the reduction experiments were conducted 
immediately after the formation of the oxidized gold nanoparticles due to the metastability of 
gold oxide. Chen et al. determined a half-life time of 22 hours for Au2O3 at 22 °C in air. This 
slow decomposition over time is neglected for the reduction experiments by CO, which were 
conducted at a much shorter timescale (15 minutes).  
Figure 5.6.1-1 illustrates the reduction of the formed oxidized gold nanoparticles by the 
respective XPS measurements. After exposure of 100 L CO at room temperature (1st cycle) 
the Au 4f signals for metallic gold increase while the Au 4f gold oxide signals decrease 
significantly (cf. figure 5.6.1-1, red curve). After this reduction, a reoxidation was performed 
by again dosing 40 L O´ to the surface (XPS spectra analogous to figure 5.4.1-1 and therefore 
not presented here).  Afterwards a second reduction by 100 L CO at room temperature was 
conducted (2nd cycle) (cf. figure 5.6.1-1, blue curve). This reoxidation and reduction of the 
gold nanoparticles is nicely observable on the basis of the shifted Au 4f signals (at 85.6 eV 
and 89.2 eV), which increase after treatment with atomic oxygen and decrease after exposure 
of CO, respectively. However the Au 4f signals after the second oxidation-reduction cycle (cf. 
figure 5.6.1-1, blue curve) differ from the Au 4f signals that were measured after the first 
reduction (cf. figure 5.6.1-1, red curve). This decrease of the total Au 4f signal intensity, with 
continuing oxidation and reduction cycles, can be explained by an increase of the nanoparticle 
thickness. 
The peak deconvolution of the Au 4f signals reveals that the reduced nanoparticles may still 
consist of some gold oxide (signals at 85.6 eV and 89.2 eV in inlet, cf. figure 5.6.1-1). From 
literature it is known that CO reduces only the outer part of thicker gold oxide shells at room 
temperature, thus leaving the deeper layers of gold oxide uneffected.[32] 
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Figure 5.6.1-1: Au 4f XPS data of a 2 ML Au film prepared on the clean Ru(0001) surface (black 
curve). After the oxidation by 40 L O´ at room temperature subsequent reduction by 100 L CO was 
done and monitored (red curve). A second cycle of oxidation (40 L O´) and reduction (100 L CO) of 
these nanoparticles is also illustrated (blue curve). The inlet shows the Au 4f peak deconvolution after 
the second oxidation and reduction cycle. The green peaks Au 4f signals in the inlet are assigned to 
metallic gold while the orange signals (at 85.6 eV and 89.2 eV) can either be assigned to gold oxide or 
to final state effects from the nanoparticular form of the reduced gold. The overall decrease of the Au 
4f signal intensity is an indication for the increase of the gold nanoparticle size. 
 
Because the gold nanoparticles remain their shape after this reduction procedure (cf. figure 
5.6.1-2c), these small Au 4f signals (at 85.6 eV and 89.2 eV) could also be assigned to final 
state effects of the nanoparticular gold. Because gold oxide is metastable, it is possible to 
determine if these small signals are either related to a buried oxidized gold species or to final 
state effects. For this the slow decomposition of gold oxide in vacuum has to be monitored 
with XPS for several days. However, this experiment was not done and the nature of these 
small signals remains elusive. 
The STM measurements reveal that no obvious morphologic change appears after the 
exposure of 100 L CO at room temperature (cf. figure 5.6.1-2c) to the Au oxide/Au 
nanoparticles (cf. figure 5.6.1-2a). Evidently, the gold nanoparticles remain their overall 
droplet-like shape on the surface at these reduction conditions. This is explained by the low 
mobility of the metallic gold atoms at room temperature, which inhibits a restructuring of the 
reduced nanoparticles to thin gold islands or films. It is assumed that an additional annealing 
step to 700 K is assumed to lead to the formation of gold islands or films. The subsequent 
reoxidation by 40 L O´ does not noticeably change the morphology of the nanoparticles (cf. 
figure 5.6.1-2e). 
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The STM images support the previous conclusion of reversibility between oxidized and 
metallic gold nanoparticles, which can be obtained without losing the dispersion by reduction 
and oxidation cycles at room temperature.  
 
 
Figure 5.6.1-2: STM image and height distribution of formed gold nanoparticles after oxidation of a 2 
ML gold film by 40 L atomic oxygen at room temperature ((a),(b)). The reduction of these 
nanoparticles was accomplished by dosing 100 L CO at room temperature ((c),(d)). The reoxidation of 
these particles was done by dosing again 40 L O´ to the metallic nanoparticles ((e),(f)). The dispersity 
of the nanoparticles is remained by the reduction at room temperature (c). The increase in particle 
height (cf. (b),(d)) after reductions is assumed to be a tip effect in STM. With the different electronic 
structure of metallic gold and oxidized gold nanoparticles, their height is not equally described by 
STM. But with each oxidation cycle, the thickness of the nanoparticles increases (b),(f). This confirms 
the interpretation of the decreasing Au 4f total signal intensity (cf. figure 5.6.1-1). All STM images are 
in the range of (300 nm x 300 nm); the height distributions are determined by line scan analysis of the 
nanoparticles. Tunneling conditions: U = 0.9 – 1.1 
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However statistical analysis reveals an increasing nanoparticle height with each oxidation and 
reduction cycle (cf. figure 5.6.1-2b and 5.6.1-2f). This slight increase in nanoparticle height 
confirms the previous interpretation of the decreasing Au 4f signal intensity in figure 5.6.1-1. 
With more three-dimensional gold nanoparticles on the surface, less gold is detected due to 
the limited depth information of XPS. The height of the reduced nanoparticles (cf. figure 
5.6.1-2d) is unexpected, but will be explained in the following: With an average thickness of 
about 16.1 Å prior to the reduction (cf. figure 5.6.1-2b), the nanoparticle thickness increases 
further on to 17.7 Å after the exposure of 100 L CO (cf. figure 5.6.1-2d). However, the 
reduced metallic gold nanoparticles should be smaller than their oxidized counterpart, due to 
removal of oxygen from the particles and a smaller lattice constant for the metallic 
gold18.[80,82] Therefore this increase in height is assumed to be a tip effect. With different 
electronic structures for the metallic and the oxidized gold, the measured height in the line 
scans does not only reflect the geometric structure but also the electronic structure of the 
nanoparticles. Because the same tunneling conditions for the metallic and the oxidized 
nanoparticles were used, the influence of the electronic structure on the nanoparticle height 
becomes evident, i.e. the metallic nanoparticles appear higher then the formed oxidized 
particles, although a decrease of the nanoparticle height was expected. Therefore the overall 
increase in nanoparticle height is evident by comparing nanoparticles that have similar 
chemical nature, e.g. the oxidized nanoparticles (cf. figure 5.6.1-2b and 5.6.1-2f). 
Figure 5.6.1-3 schematically illustrates the morphologic changes of the gold nanoparticles 
with continuing oxidation and reduction cycles. The black arrows indicate the movement of 
the gold atoms during the oxidation, based on the previously described shoveling mechanism 
(cf. chapter 5.5).  
The proposed mechanism includes the following steps: After the oxidation of a thin gold film 
(e.g. 2 ML) by 40 L atomic oxygen, oxidized gold nanoparticles are formed that may consist 
of a core(metallic Au)-shell(gold oxide) structure. The exposure of 100 L CO at room 
temperature induces a partial reduction, i.e. only the oxidized gold atoms exposed to CO are 
reduced, thus leaving gold oxide atoms from deeper layers uneffected. The reduction of the 
nanoparticles is related to the removal of oxygen without further diffusion of metallic gold 
atoms. As a consequence the nanoparticles retain their droplet like shape without rewetting 
the ruthenium surface during this reduction at room temperature. The reoxidation by 40 L 
atomic oxygen leads to even thicker nanoparticles at the expense of their lateral expansion on 
the Ru(0001) surface, i.e. gold atoms from the nanoparticle side are shoveled to its top. The 
                                                 
18
 The nearest neighbor distance between two gold atoms for fcc bulk gold is approximately 2.885 Å.[178-180] 
In Au2O3 the Au-Au distances are elongated to 3.3 – 3.8 Å. Ref.[80,201] 
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subsequent reduction by CO is again considered as the removal of oxygen without further 
diffusion of the metallic gold atoms, thus retaining the overall dispersity of the thicker 
nanoparticles. By continuing such oxidation and reduction cycles at room temperature, the 
thickness of the nanoparticle increases steadily.  
This increase may be an additional explanation for the deactivation of gold nanoparticle 
catalysts with ongoing oxidation reactions besides the nanoparticle sintering process. 
 
 
Figure 5.6.1-3: Schematic illustration of the proposed mechanism for the increasing thickness of the 
gold nanoparticles with continuing cycles of oxidation and reduction at room temperature. Within this 
mechanism the previously proposed shoveling mechanism (cf. chapter 5.5, page 98ff) is displayed by 
the diffusion of oxidized Au atoms from the Au/Ru interface to the top side of the nanoparticle. The 
resulting thicker particles after the nth cycle are assumed to adapt a hemispherical morphology. 
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5.6.2 CO oxidation by the oxidized gold nanoparticles 
 
Many oxidized gold nanoparticles were prepared by exposure of 40 L atomic oxygen to a 2 
ML thick gold film at room temperature (cf. figure 5.4.1-1d). CO oxidation was done by 
simultaneously dosing molecular oxygen and carbon monoxide with a ratio of 10:1 to the Au 
oxide/Au nanoparticles at 300 K. The CO pressure was kept constant at 1·10−7 mbar while 
oxygen was set to 1·10−6 mbar during the CO oxidation. 
The oxidation state of the gold nanoparticles was monitored ex situ on the basis of the gold 
oxide Au 4f signals (at 85.6 eV and 89.2 eV) before and after a total exposure of 100 L, 200 
L, 300 L, 400 L, 600 L, 800 L and 1500 L CO, respectively. The corresponding amounts of 
molecular oxygen are: 1000 L, 2000 L, 3000 L, 4000 L, 6000 L, 8000 L and 15000 L, 
respectively. With an O2/CO ratio of 10:1 it is expected that the gold oxide Au 4f signals 
remain constant if sufficient amounts of O2 are activated during the catalytic oxidation of CO. 
As described in the literature, oxidized gold surfaces and undercoordinated gold atoms show 
an increased dissociation probability for O2.[36,51,54,82]  
Figure 5.6.2-1 summarizes the CO oxidation experiment by plotting the relative integrated Au 
4f signal areas of the gold oxide signals (at binding energies 85.6 eV and 89.3 eV) against the 
exposure of CO (black squares).19 For comparison the simple reduction of 1.6 nm (red 
hexagon) and 2.0 nm (blue cross) thick oxidized gold nanoparticles after exposure of 100 L 
CO at room temperature is included, too.  
During CO oxidation (O2/CO ratio of 10:1) the amount of gold oxide is decreasing linearly 
with continuing CO and O2 exposures at room temperature (cf. figure 5.6.2-1, black squares). 
A linear fit (dashed green line) for the gold oxide signal decrease during the CO oxidation is 
additionally plotted. A direct comparison between the CO oxidation experiment and the pure 
reduction by CO is possible for the gold oxide signals after a total exposure of 100 L CO. 
After simultaneously dosing 100 L CO and 1000 L O2, the integrated gold oxide signal 
decreased to 84 % of its initial integrated gold oxide signal value. For comparison, the pure 
reduction (100 L CO) of gold oxide nanoparticles with similar height (cf. figure 5.6.2-1, red 
hexagon) leads to a decrease to 39 % of its initial gold oxide signal value. Evidently the gold 
oxide layers are more stable with the excess of oxygen in the gas phase than in the pure CO 
environment. 
                                                 
19
 Despite keeping the oxidation parameters constant, there was a slight variation in the resulting gold oxide 
signals of the as-prepared Au oxide/Au nanoparticles. The integrated gold oxide signal areas after exposure were 
divided by the integrated gold oxide signal areas of the as-prepared Au oxide/Au nanoparticles to account for 
this fact.  
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Figure 5.6.2-1: The decay of the integrated Au 4f gold oxide signals at 85.6 eV and 89.3 eV is plotted 
against the total dosage of CO and O2, respectively. For this plot the integrated gold oxide signals are 
compared to those of newly formed Au oxide/Au nanoparticles, i.e. the integrated gold oxide signal 
area of the as-prepared Au oxide/Au nanoparticles is defined as 100 %. The decrease of the gold oxide 
signal during CO oxidation experiment with an O2/CO ratio of 10:1 is presented (black squares). For 
comparison, the simple reduction experiments by 100 L CO are used as a reference (red hexagon and 
blue cross).  
 
The Au 4f oxide signal decreases below 20 % of its initial value over several hours20 of CO 
oxidation. This signal decay is even more pronounced than what was observed for the case of 
the pure reduction in CO.  One possible explanation is that the reduction of the upper Au 
oxide layers by the 100 L CO at room temperature is incomplete and higher exposures of CO 
are necessary for a complete reduction of the gold oxide layers that are accessible by CO. The 
second possible explanation for this distinct decrease of the gold oxide signal would be a 
decomposition of the deeper gold oxide layers due to the metastability of gold oxide.[72,73] To 
identify the correct explanation, either CO reduction experiments with higher exposures of 
CO, or life-time experiments in vacuum could be conducted to investigate the metastability of 
gold oxide. 
Considering that CO reduces the gold oxide in the CO oxidation experiment as well as in the 
CO reduction experiment, two explanations for the faster reduction of the gold oxide species 
in the pure CO environment are possible: 
 
                                                 
20
 The dosage of 1500 L CO was performed over a time period of 210 minutes. 
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(1) The molecular oxygen from the gas phase is dissociated by the undercoordinated 
or oxidized gold atoms during the reaction. The dissociated oxygen then 
subsequently reoxidizes the gold nanoparticles. However the reduction by CO is 
assumed to be more favored than the reoxidation by the dissociated O2, which is 
consistent with the linear decrease of the Au oxide signals. Otherwise saturation to 
a constant Au oxide signal would have been expected. 
(2) The adsorbed O2 is poisoning the surface of the catalyst, thus leaving the CO less 
adsorption sites to reduce the gold oxide shell, which leads to a slower reduction. 
In general: O2 binds stronger at step regions, defect sites and undercoordinated 
gold atoms than on flat single crystal terraces.[25,54] Therefore the undercoordinated 
gold atoms of the oxidized nanoparticles facilitate the adsorption of O2 while the 
adsorption of CO is inhibited.  
With a gas ratio of 10:1 during the CO oxidation, the amount of CO adsorbing on the surface 
is assumed to decrease approximately by one order of magnitude, if CO and O2 have similar 
sticking coefficients. As a result a reduction of the Au oxide/Au nanoparticles in the O2/CO 
gas atmosphere should show similar results to the pure reduction by 100 L CO (red hexagon), 
if the surface is exposed to a tenfold higher amount of CO and O2 (i.e. 1000 L CO and 10000 
L O2). This hypothetical decrease is presented in figure 5.6.2-1 by the intersection point of the 
dotted lines. The linear fit of the gold oxide signal decrease (dashed green line) matches well 
to this calculated intersection point, thus indicating a decreased adsorption probability of CO.  
To differentiate between a possible catalytic activity of the oxidized gold nanoparticles and a 
poisoning effect of O2 during the CO oxidation reaction, a thicker gold film (6 ML) and a 
Au(111) surface were both first oxidized by 40 L atomic oxygen, followed by an exposure of 
oxygen (p(O2) = 1·10−6 mbar21) for several hours at room temperature. If the formed gold 
oxides are able to dissociate O2 the Au 4f signals at 85.6 eV and 89.3 eV should either remain 
constant or increase over time. Figure 5.6.2-2 shows the change of the gold oxide Au 4f 
signals depending on the O2 exposure. 
 
                                                 
21
 The applied oxygen pressure is equal to the oxygen pressure during the CO oxidation experiments. 
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Figure 5.6.2-2: Change of the gold oxide signal due to exposure of O2 at room temperature over time 
for an oxidized gold film (red triangle) and a Au(111) single crystal surface (blue rhombus). For a 
better comparison to the previous figure, the Au oxide signal decrease during the CO oxidation 
experiment (grey square) is also shown with the respective amount of dosed O2. 
 
After keeping the gold oxide nanoparticles in 10−6 mbar O2 for 4 hours, the gold oxide Au 4f 
signals decreased significantly, thus revealing the reduction of the gold oxide. Keeping in 
mind that Au oxide is metastable, the reduction depicted in figure 5.6.2-2 suggests that the 
partial pressure of oxygen is too low to either stabilize or reform the gold oxide by dissociated 
O2. A similar decrease of the Au 4f signals is observable if O2 is exposed to an oxidized 
Au(111) surface (cf. figure 5.6.2-2, blue rhombus). A slow decomposition of the gold oxide in 
UHV over time (4 hours) may be a possible explanation for the gold oxide signal decrease. 
Another possibility to explain this signal decrease would be the reduction of the Au oxide/Au 
nanoparticles by a reducing gas component. Exchange reactions of the dosed molecular 
oxygen with different filaments in the chamber (ion gauges, x-ray source) and the chamber 
walls could have released CO and H2 into the gas atmosphere, which then slowly reduced the 
gold oxide.  
To conclude the question of a possible catalytic activity for the Au oxide/Au nanoparticles, 
CO oxidation experiments as well as O2 dissociation experiments were conducted. Both 
experiments showed a linear decrease of the gold oxide Au 4f signals upon continuous 
exposure of CO/O2 or O2, respectively. In case of the CO oxidation decrease of the gold oxide 
signals is proportional to the CO exposure, indicating a simple reduction of the Au oxide/Au 
nanoparticles. The simultaneously dosed O2 does not reoxidize the gold nanoparticles, more 
likely a poisoning of the catalyst surface by adsorbed O2 is assumed, which then extends the 
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needed amount of CO to reduce the gold nanoparticles. This interpretation is confirmed by the 
O2 dissociation experiment where the gold surface was first oxidized by atomic oxygen, 
which was followed by the exposure of O2 to further oxidize the gold by dissociation of the 
molecular oxygen. Although a facilitated O2 dissociation over oxidized gold surfaces has been 
reported[36,51] this could not be confirmed for the Au oxide/Au nanoparticles presented in this 
work. The linear decrease of the gold oxide signal evidently illustrates the instability of the 
oxidized gold nanoparticles at the chosen reaction conditions.  
This inactivity towards CO oxidation could be explained by the formation of a catalytic 
inactive gold oxide species. Generally, various gold-oxygen species can be formed upon 
exposure of atomic oxygen.[16,66] From these,  chemisorbed oxygen atoms bound to 
undercoordinated metallic gold atoms are proposed to be the most active species for CO 
oxidation.[16,27,38,39,67] In all experiments within this work, this species has never been 
observed in XPS, based on its characteristic O 1s binding energy at 529.1 eV. Therefore it is 
assumed that the oxidative potential of thermally cracked oxygen is too high, and an inactive 
gold oxide (e.g. bulk like Au2O3) has been formed. 
However, even with no visible catalytic activity of the formed oxidized gold nanoparticles on 
the ruthenium surface the morphologic changes due to oxidation of thin gold films have been 
presented. The systematic investigations on the morphology, during oxidation and reduction, 
and the presented oxidation mechanism of thin gold films and islands can be used as a 
guideline for further understanding of gold nanoparticle catalysts. Moreover these 
experiments can be used as a model for a re-dispersion of inactive gold catalysts. With 
sintering being one of the biggest problems in gold catalysis, the formation of thin gold films 
by annealing of these sintered nanoparticles and subsequent oxidation by atomic oxygen can 
lead to newly formed small and active gold nanoparticles. Still further investigations are 
necessary to find oxidation conditions to prepare catalytic active chemisorbed oxygen phase 
and to prevent a completely oxidized bulk like oxide structure.  
 111 
5.7 Conclusion considering the growth and oxidation of Au on 
Ru(0001) 
 
Based on the STM measurements and the corresponding XPS data for the Au/Ru(0001) 
system, the following conclusions are drawn: 
 
1. Gold deposited on oxygen precovered Ru(0001) grows in a Volmer-Weber-like 
behavior. Separated (111) oriented gold islands are preferentially formed along the 
steps of the Ru(0001) surface while the oxygen overlayer on the ruthenium surface 
is simultaneously compressed. The thickness of the hexagonal gold islands can be 
controlled by the oxygen overlayer density on the Ru(0001) surface and the 
applied sample temperature during the gold deposition process. This growth 
behavior can be rationalized by Young’s equation and is assumed to be mainly 
induced by the significant difference between the surface free energies of Au and 
oxygen covered Ru ( RuOAu /σσ > ). 
2. Gold deposition on an oxygen free Ru(0001) surface leads to the formation of a 
covering gold film, which shows a Stranski-Krastanov-like growth behavior. 
Again Young’s equation and the significant difference in the surface free energies 
of Ru and Au in particular describe the observed growth behavior ( RuAu σσ < ). 
3. If gold is deposited on RuO2(110) the morphology the formed gold islands 
strongly depends on the position where they are formed. Gold islands formed on 
the flat RuO2(110) terraces are cuboid-like shaped, which indicates the growth of 
(100) oriented gold. At intersection areas, where different RuO2(110) domains are 
rotated by 120° to each other, hexagonally shaped gold islands are formed. This 
strongly indicates correlation between the symmetry of the underlying RuO2 
patches and the resulting crystallographic orientation of the growing gold islands. 
Therefore it is assumed that crystallographic orientation of gold on the RuO2(110) 
surface is determined by a complex energy relation between the strain energy of 
the growing islands, the interface energy and the surface free energies of 
RuO2(110) and the gold islands.  
4. The exposure of atomic oxygen to the thin gold islands or films at room 
temperature lead to the formation of small oxidizied gold nanoparticles, which 
consist of a Au3+ species (most probably Au2O3) and metallic gold. The size of the 
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formed Au oxide/Au nanoparticles as well as their formation rate strongly depends 
on the former thickness of the metallic gold islands (or film). While two or three 
layered gold islands readily fragment into many oxidized nanoparticles, a thicker 
gold island (≥ 4 ML) is usually transformed into very few big particles. The 
oxidation of the thin gold islands (or films) are explained by a proposed shoveling 
mechanism, which describes the diffusion of oxidized gold atoms from the 
perimeter sites of the Au-Ru interface to the top of the gold islands/nanoparticles.  
5. The reduction of these Au oxide/Au nanoparticles under CO environment at room 
temperature lead to metallic gold nanoparticles, which mostly remained their 
shape and size. Restoration of flat and hexagonally shaped Au islands was 
accomplished by reduction in CO at 700 K. If the oxidized nanoparticles are 
thermally reduced at 700 K significantly thicker gold islands are formed, thus 
indicating a oxygen spillover process from the decomposing Au oxide to the 
Ru(0001) surface. 
6. CO oxidation experiments were conducted to investigate the catalytic activity of 
the Au oxide/Au nanoparticles. But even under very oxidizing reaction conditions 
the particles were reduced to metallic gold while retaining their shape. Therefore 
only a transient activity but no catalytic activity for the Au oxide/Au nanoparticles 
could be demonstrated.  
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6. Deposition of Ru on Au(111)  
 
In electrochemistry bimetallic anodes have gained interest as model catalyst systems for fuel 
cells.[202] Especially platinum based PtRu bimetallic electrodes showed higher activities then 
the pure platinum counterparts.[203-205] To further investigate the high activity of this PtRu 
bimetallic system, Ru/Au(111) was chosen as the model system due to the high nobility of 
gold.[206-213]  With gold as the substrate reactions like the CO oxidation can be studied in more 
detail because the activity of the system is limited to the deposited Ru. To prepare these 
bimetallic Ru/Au electrodes, ruthenium was electrochemically deposited on a Au(111) 
surface.[206-213] The nucleation and growth of the deposited ruthenium film depends on the 
electrochemical conditions. It was shown that ruthenium first forms small islands which are 
preferentially located at the “elbow sites22” of the reconstructed Au(111) surface.[206,207,214] If 
the Au(111) herringbone reconstruction is lifted during the deposition process, the deposited 
ruthenium is preferentially located at defect sites and steps of the Au(111) surfaces. The 
nucleation and growth of ruthenium islands on the terraces is significantly less favored. With 
ongoing deposition a three-dimensional growth of hexagonally shaped ruthenium islands is 
observable resulting in a rough film of ruthenium.[210-212]  
Quite in contrast, the deposition of ruthenium on Au(111) under UHV conditions has only 
been carried out by chemical vapor deposition (CVD) of Ru3(CO)12 so far.[89-91] By annealing 
the covered gold surface to 500 K the Ru3(CO)12-precursors were decomposed with release 
and desorption of CO. By this procedure small but mobile ruthenium clusters are formed on 
the surface. But during the precursor decomposition, carbon impurities are formed and 
intercalated in the ruthenium clusters due to the dissociation of CO at the freshly deposited 
metal clusters. A possible simultaneous contamination by oxygen is inhibited because the 
underlying gold substrate induces desorption of O2. After Ru3(CO)12 decomposition at 500 K, 
the exposed ruthenium clusters agglomerate to small and flat islands at the ordered “elbow 
sites” of the Au(111) herringbone pattern, which results in an ordered distribution of these 
small ruthenium islands on the gold surface. If higher temperatures (> 500 K) are applied, less 
Ru islands are formed that are larger in lateral size. Induced by the grown ruthenium islands, 
the herringbone patterns of the Au(111) surface get distorted, thus leading to more and more 
randomly distributed ruthenium islands on the surface. For lower coverages of ruthenium at 
500 K, a two-dimensional aggregation of clusters to larger Ru islands is observable. A 
                                                 
22
 In figure 6-1 the STM picture illustrates the Au(111) herringbone structure with its unique structural 
properties. 
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temperature of 500 K was too low, so the ruthenium clusters did not rearrange to atomically 
flat islands, thus retaining their spherical shape in the agglomerated cluster network. For 
higher coverages three-dimensional growth is observable before the whole Au(111) surface is 
completely covered by the two-dimensional aggregation of Ru clusters.[91]  
A closer inspection of the literature of the Ru/Au(111) system revealed that the deposition of 
pure metallic ruthenium by PVD on Au(111) in UHV has not been investigated yet.  
From the knowledge of the well described growth of gold on Ru(0001)[154-167] the relationship 
of surface free energies has been derived: 
2RuOAuRu
σσσ >>  
Based on this order of the surface free energies the growth behavior of Ru and RuO2 on 
Au(111) in UHV by PVD are estimated. As a first guideline, the interface energy and the 
strain energy are neglected at this point:  
1. Ru on Au(111): Deposition of metallic ruthenium on a Au(111) surface at higher 
temperatures with low deposition rates should lead to the formation of three-
dimensional ruthenium islands on the surface due to the significantly higher 
surface free energy of ruthenium ( AuRu σσ > ). 
2. RuO2 on Au(111): Deposition of ruthenium in O2 atmosphere on a Au(111) surface 
at higher temperatures with low deposition rates should lead to the formation of a 
wetting layer of oxidized ruthenium due to the lower surface free energy of 
ruthenium oxide (
2RuOAu
σσ > ). 
3. Oxidation of Ru/Au(111) using O2 at higher temperatures: Oxidation of the three-
dimensional ruthenium islands should form a wetting layer of ruthenium dioxide 
on the Au(111) surface if the oxidation conditions are chosen properly. Again the 
morphology would be determined by the surface free energies (
2RuOAu
σσ > ). 
 
It should be mentioned that for these first assumptions the interface energy is neglected 
completely. Also the unique structural properties of the Au(111) are not considered. But from 
the literature it is known that the herringbone structure strongly influences the growth of 
ruthenium islands, as can be seen by the preferred nucleation sites of ruthenium. Therefore the 
unique structure and properties of the reconstructed Au(111) surface will be briefly elucidated 
in the following: 
Compared to other transition metals, gold has a low surface free energy, a low melting point, 
a low hardness and is a very ductile metal. The three single-crystalline fcc gold surfaces with 
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lowest miller indices (Au(111), Au(110) and Au(100)) do reconstruct in UHV. The 
reconstruction of the Au(111) surface is well described in literature.[178-180,215] Its most 
important properties are depicted in the following STM image (cf. figure 6-1). 
 
 
Figure 6-1: The STM (32 nm x 31 nm) image of the reconstructed Au(111) surface displays and 
summarizes the unique structural properties of this surface. U = 0.5 V, I = 1.0 nA. Picture taken from 
[216]. 
 
The so called “herringbone pattern” consists of alternating lines (the so called type-x and 
type-y lines) which enclose and separate the fcc and hcp stacking areas, respectively. At each 
bend of the herringbone pattern, point dislocations occur in the type-x line23, resulting in the 
formation of the so called “pinch out” and “pinch in” elbow sites. By forming this 
reconstruction the gold atom density is approximately 4 % higher than in the not 
reconstructed (1x1) Au(111) surface.[179,216]  
Physical vapor deposition of many metals on gold in UHV usually leads to the formation of 
clusters or islands at the elbow sites of the Au(111) surface.[90,207,217-221] Via an excited atom 
exchange process, single gold atoms are released from the gold surface to incorporate the 
adsorbed metal atoms or islands at these elbow sites.[216,222,223] This place exchange of 
deposited metals is assumed be possible for all metals that exhibit a significantly higher 
surface free energy compared to gold at elevated temperatures.[223] Using this process, surface 
alloys of immiscible metals24 have either be prepared or predicted in the literature.[216,222-225] 
Within these predictions was also the possible formation of an surface alloy between 
                                                 
23
 The type-y lines are free of point dislocations. 
24
 i.e.: Ni, Co, Mo, Ru with Au(111), respectively.  
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ruthenium and Au(111).[222] This subject will be discussed in the following chapter, where the 
investigations of the growth of Ru (by PVD) on Au(111) are presented.   
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6.1 Deposition of ruthenium on Au(111) in vacuum 
 
In the following the growth of ruthenium on Au(111) will be presented. By physical vapor 
deposition (PVD) from a metallic ruthenium target a high purity of the formed ruthenium 
islands on the gold surface is accomplished25. During the deposition of ruthenium the Au(111) 
surface was kept at 620 K. The amount of deposited ruthenium was determined by 
quantitative STM analysis of the deposited ruthenium on the surface. XPS was used to verify 
the amount of the deposited ruthenium.  
 
 
Figure 6.1-1: Deposition of different amounts of ruthenium on Au(111) at 620 K: (a) 0.5 ML Ru, 300 
nm x 300 nm; (b) 0.5 ML Ru, 120 nm x 120 nm; (c) 1.0 ML Ru, 300 nm x 300 nm; (d) 1.5 ML Ru, 300 
nm x 300 nm; (e) 1.5 ML Ru, 150 nm x 150 nm; (f) 2.0 ML Ru, 300 nm x 300 nm; (g) 3.0 ML Ru, 300 
nm x 300 nm; (h) 4.0 ML Ru, 300 nm x 300 nm; (i) 10.0 ML Ru, 300 nm x 300 nm. With increasing 
amounts of deposited Ru the roughness of the growing film of merged ruthenium islands increases, 
too. Tunneling conditions: U = 0.5 – 1.0 V, I = 0.5 – 3.5 nA.  
 
                                                 
25
 For comparison, the previously described formation of metallic ruthenium islands on Au(111) by CVD of 
Ru3(CO)12 lead to carbon impurities due to decomposition of the CO molecules.[89] 
 118 
Figure 6.1-1 shows a series of STM images after 0.5 ML, 1.0 ML, 1.5 ML, 2.0 ML, 3.0 ML, 
4.0 ML and 10.0 ML of ruthenium have been deposited on the Au(111) surface, respectively.  
After deposition of 0.5 ML (cf. figure 6.1-1a) ruthenium, small islands are formed, which are 
randomly distributed over the surface. Simultaneous to the growth of ruthenium islands, the 
distortion of the nearby herringbone pattern (blue circle, cf. figure 6.1-1b) and the serration of 
the Au(111) steps can be observed in the STM images (cf. figure 6.1-1a,c). The ruthenium 
islands are preferentially located on the terraces, while leaving a thin area along the serrated 
steps where no islands are formed (dotted black circle, cf. figure 6.1-1b). These serrated steps 
also show a distorted herringbone pattern. With proceeding deposition of ruthenium, the 
serration of the steps increases as well as the three-dimensional growth of the ruthenium 
islands (cf. figure 6.1-1c,d). In a magnification (cf. figure 6.1-1e) the hexagonal shape of the 
deposited Ru is visible, thus indicating a hcp(0001) or fcc(111) orientation of the growing 
ruthenium islands. Eventually a rough ruthenium film is formed after the growing ruthenium 
islands merged together (cf. figure 6.1-1h,i). With the merging of the ruthenium islands the 
former step arrangement of the Au(111) substrate is not visible anymore.  
 
 
Figure 6.1-2: XPS data of the deposition of ruthenium on Au(111) at 620 K. The increasing thickness 
of the merged Ru islands is observable by the increase of the Ru 3d signals, while the Au 4d signals 
decrease simultaneously.  
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From XPS studies, an evolving Ru 3d signal is observable at 279.9 eV (Ru 3d5/2) that is 
assigned to the growth of metallic ruthenium (cf. figure 6.1-2). The steady increase of the Ru 
3d signals and the simultaneous decrease of the Au 3d signals confirms that the deposited 
ruthenium is covering the Au(111) surface. 
The growth of ruthenium on gold, presented in this work, is very similar to the growth of Mo 
on Au(111) described by Friend et al.[223] Similar to Ru on Au(111), small Mo islands are 
formed at the elbow sites of the Au(111)-surface reconstruction. Also the formation of 
serrated steps and the distortion of the herringbone pattern have been observed. The authors 
interpret these morphologic changes as the formation of a surface alloy besides the growth of 
metallic Mo islands on top of the Au(111) surface. It is also mentioned that the alloying 
process competes with the nucleation and growth of Mo islands, depending on the sample 
temperature. DFT calculations performed by Hrbek et al. examine the rather unusual growth 
of Ni, Mo and Ru on Au(111).[222] They determined that a Au/metal/Au sandwich complex 
would be energetically more favorable than a single monolayer of the metal on top of the 
Au(111) surface. Therefore the formation of a surface alloy between Ni/Au, Mo/Au and 
Ru/Au might be possible. However only for the Ni/Au(111) system the formation of a surface 
alloy has been proven so far.[225] It has to be mentioned that the interpretations for the surface 
alloy formation in the Mo/Au(111) system are mainly based on STM observations.[223,226] 
Without atomic resolution this interpretation of a surface alloy is insufficient and a final 
conclusion remains elusive. 
The absence of Ru islands near the serrated steps and the distorted herringbone pattern 
structure (cf. figure 6.1-1a,b) is explained by the following: Nucleation and growth of the 
ruthenium islands at the elbow sites is accompanied by an atom exchange process of gold and 
ruthenium atoms, leading to incorporated ruthenium atoms and released gold atoms at the 
elbow sites. Due to the applied temperature of 620 K the released gold atoms are able to 
diffuse and agglomerate at the steps of the gold surface. This would explain both: why no 
ruthenium islands can be found on the upper terrace near the steps and why the steps are 
serrated and show a distorted herringbone structure. 
The random distribution of the ruthenium islands is related to the distortion of the herringbone 
pattern (cf. figure 6.1-1b, blue circle). A similar distortion of the herringbone structure by 
metal deposition has been observed in literature.[90,223] The deposited ruthenium atoms 
nucleate at the elbow sites of the Au surface, thus forming small islands. After the formation 
of this ruthenium island the nearby herringbone pattern gets distorted and new point 
dislocations are formed in the Au(111) surface. At these new point dislocations the next 
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ruthenium islands are formed, which induces further distortion of the herringbone pattern. 
These growing islands are generally hexagonally shaped, which is induced by the fcc and hcp 
stacking areas of the underlying Au(111) surface. 
Due to the small lattice misfit between Au(111) and Ru(0001) (+6.6 %, aAu(111) = 2.884 Å, 
aRu(0001) = 2.706 Å)[16,178-181], the resulting strain energy and interface energy are is assumed to 
be small, too. Therefore the observed three-dimensional (Volmer-Weber-like) growth of Ru 
islands is explainable by the significantly higher surface free energy of ruthenium compared 
to Au(111).26  
An important question is how the ruthenium atoms are incorporated in the first Au(111) layer 
after the atom exchange process. The (single) ruthenium atoms may either form a surface 
alloy like in the case of Ni[224,225] or small ruthenium islands are formed, which were 
embedded into the gold surface. Such a subsurface island growth or island encapsulation has 
been reported for the growth of Cu on Pb(111), where entire copper islands are overgrown by 
Pb.[136]  
With STM experiments the growth of Ru on Au(111) has been systematically investigated. 
The observed three-dimensional growth nicely reflects the previously stated growth behavior 
of metallic Ru on Au(111), which is simply based on the surface free energy relation 
( AuRu σσ > ). Therefore the general growth behavior is assumed to be significantly affected by 
the surface free energies of both metals. However, a detailed description of the growth on the 
atomic level cannot be given at this point. It is not possible to decide if Ru and Au(111) form 
an alloy in the initial growth phase or if a partial encapsulation of small Ru islands occurs. 
Further experiments are mandatory, to elaborate a detailed and reliable description for the 
initial growth of Ru on Au(111). 
 
 
                                                 
26
 σAu =  1.50 J/m², σRu = 3.05 J/m².[182] 
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6.2 Oxidation of ruthenium islands by molecular oxygen 
 
6.2.1 Formation of a perforated ruthenium film 
 
In the following section the exposure of O2 to the rough film of merged ruthenium islands will 
be presented. Typical oxidation conditions for the formation of a covering film of RuO2(110) 
on Ru(0001) were chosen to oxidize 1.5 ML Ru/Au(111) and 4.0 ML Ru/Au(111), i.e. dosing 
molecular oxygen (p(O2) = 2·10−5 mbar) for 30 minutes towards the gold surface that was 
annealed to 680 K. On the basis of STM images, the oxygen treatment of a 1.5 ML and 4.0 
ML Ru/Au(111) surface is presented (cf. figure 6.2.1-1a-c and 6.2.1-1d-f, respectively).  
 
 
Figure 6.2.1-1: STM images after the oxidation of 1.5 ML (a,b) and 4.0 ML (d,e) deposited ruthenium 
on Au(111) by O2 at 680 K, respectively. In both cases an inhomogeneous film covers the surface, 
containing minor (highlighted in dotted black circles in a) and major defects (highlighted in green 
circles in a). An average step height of 2.5 Å for this film was determined by statistic line scan 
analysis (c,f). STM images: Oxidation of 1.5 ML Ru (a) 400 nm x 400 nm, (b) 150 nm x 150 nm; 
Oxidation of 4 ML Ru (d) 400 nm x 400 nm, (e) 150 nm x 150 nm. Tunneling conditions: U = 0.4 – 0.8 
V, I = 3.0 – 10.0 nA. 
 
As depicted by the STM images the morphology changed significantly for both, i.e. the 
former 1.5 ML and 4.0 ML thin ruthenium film, respectively. Contrary to the oxidation of a 
Ru(0001) single crystal surface no typical RuO2(110) structures could be found, which should 
 122 
have formed at these oxidation conditions. Instead a flat but inhomogeneous film is covering 
the gold surface (cf. figures 6.2.1-1a and 6.2.1-1d). A zoom in of the surface (cf. figure 6.2.1-
1b,e) show that the inhomogeneous film consists of randomly distributed minor holes (dotted 
black circles, figure 6.2.1-1a) as well as larger defect areas or holes within the first several 
layers of the perforated film (green circles, figure 6.2.1-1a). In the following, the minor holes 
will also be referred as “minor defects” and the large holes as “major defects”. 
From the major defects in the film, the structure of the underlying layers becomes visible, 
which also contains these minor holes, thus giving the impression of a porous structure. It 
should be noted that only the top film layers of this perforated structure is observable by 
STM. Therefore it cannot be determined via STM alone if this perforated structure is 
continuously formed between the Au(111) surface and the topmost film layer. Besides the 
morphologic similarities between the oxidized 1.5 ML and 4.0 ML ruthenium film, some 
structural differences are revealed by STM. After oxygen exposure to the 4.0 ML Ru/Au(111) 
surface, small clusters are formed additionally, which are located on top of the perforated 
film. Furthermore the lateral size of the minor defects has decreased significantly (cf. figure 
6.2.1-1e). 
But what is the chemical nature of this perforated film? In the following it will be elucidated 
that this film most likely consists of metallic ruthenium with a chemisorbed oxygen species. 
In principle an alloy between gold and ruthenium could also be responsible for this rather 
unique structure, too. But this assumption is refuted by the following considerations: At first, 
even if a surface alloy was initially formed between metallic ruthenium and metallic gold by 
the incorporation of ruthenium atoms in the first Au(111) layer, the exposure of oxygen leads 
to the formation of rather strong ruthenium-oxygen bindings compared to the weaker 
ruthenium-gold bindings. Therefore the oxygen treatment induces the release of the ruthenium 
atoms from the first gold layers, regardless of the former structure, i.e. a Au-Ru surface alloy 
or embedded small ruthenium islands in the first layer. This oxygen induced de-alloying 
between two metals has been reported for the Mo/Au(111) system, too.[223] Secondly the 
complimentary system (Au/Ru(0001)) has never shown the formation of a surface alloy. The 
assumption of a surface alloy between metallic gold and ruthenium was only made on the 
basis of the STM images where ruthenium is incorporated in the first layer of the Au(111) 
surface. However this is not the case for the Au/Ru(0001) system, where the ruthenium 
surface is too rigid and gold atoms are not incorporated. So if the perforated film may consist 
of a gold-ruthenium alloy, gold atoms from the Au(111) surface have to get incorporated into 
the rough ruthenium film of merged islands, which seems rather unlikely, especially if the 
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rough film is thicker (e.g. 4 ML). Based on this argumentation, the perforated film is 
considered to consist solely of ruthenium with no gold incorporated. A ultimate conclusion 
would be possible by depth profiling via a high resolution XPS or time of flight secondary ion 
mass spectrometry (TOF-SIMS). 
An explanation for the perforated structure is attempted, based on the assumption that the 
ruthenium film is gold free. The minor defects are most probably induced by the lattice misfit 
between the ruthenium film and the Au(111) surface, thus leading to a lateral strain in the 
growing film. If the strain is too large the attachment of an additional ruthenium atom is 
energetically not favorable and defects or holes are formed to release the lateral strain. The 
observed decrease of the lateral size of these holes, with increasing thickness of the former 
rough film of merged ruthenium islands, corroborates this view.  
The major defects can be explained by the mobility of the diffusing ruthenium atoms on the 
surface. Considering that oxidized ruthenium wants to form a covering film on the Au(111) 
surface (due to the lower surface free energy), ruthenium atoms have to diffuse from the top 
layers of the three-dimensional islands to the gold surface. If the amount of diffusing 
ruthenium atoms is significantly higher than the mean free pathway or the mobility of these 
atoms, a rougher film with more and larger defects will be formed due to a higher nucleation 
rate.   
The formation of clusters after the oxygen treatment of the 4 ML Ru may be an indication for 
the beginning of the RuO2 formation (cf. figure 6.2.1-1d,e). It is known in literature that the 
gas phase oxidation of Ru(0001) leads to the formation of RuO2(110) via an nucleation and 
growth mechanism.[190] The observed clusters on the perforated ruthenium film might be 
similar to the critical nuclei that are formed in the initial gas phase oxidation process on 
Ru(0001). However the chemical nature of these clusters has not been determined yet. But it 
is assumed that these clusters consist of a RuOx structure.[92,200] 
An average step height of 2.5 Å was determined by line scan analysis for this porous 
ruthenium layers (cf. figures 6.2.1-1c and 6.2.1-1f), which rather fits to the step height of 
metallic ruthenium (2.2 Å) than to RuO2(110) (3.2 Å).[185] The corresponding XPS 
measurements of the O 1s, and the Ru 3d signal areas are presented in figure 6.2.1-2.  
After oxygen treatment an O 1s signal at 530.2 eV is observable as well as the simultaneous 
decrease of the neighboring Au 4p3/2 signal (cf. figure 6.2.1-2b). The Ru 3d5/2 signals do a 
slight shift from 279.9 eV (black curve, ruthenium prior to oxidation) to 280.2 eV (blue curve, 
after oxidation) upon the oxygen exposure, and again the decrease of the neighboring gold 
signals (Au 4d) is visible (cf. figure 6.2.1-2a). 
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Figure 6.2.1-2: XP spectra of the Ru 3d and O 1s signal regions illustrate the oxidation of a 4 ML 
ruthenium film by O2 at 680 K. The XPS data for the exposure of 36000 L O2 (red curves) corresponds 
to the STM images from figure 6.2.1-1d,e. The O 1s signal at 530.2 eV and the slightly shifted Ru 3d 
signals (by 0.3 eV to higher binding energies) evidently show the oxygen evolution on the surface and 
the formation of Ru-O bonds. 
 
The observed decrease of the Au signals (Au 4d and 4p) can be explained by the morphologic 
changes of the deposited ruthenium. After the deposition of 4 ML Ru, gold is either still 
exposed at the surface or is only slightly overgrown where the ruthenium islands just merged 
together. By oxidation a more and more continuous and covering perforated Ru film with a 
rather uniform height is formed, thus attenuating the Au signals due to the limited depth 
resolution of XPS. 
The interpretation of the Ru 3d signals and the O 1s signal is more complicated. The chemical 
shift of the Ru 3d signals by 0.3 eV to higher binding energies can be assigned to the loss of 
electron density of ruthenium after the oxygen exposure due to the formation of Ru-O 
bindings.[227] However, discrimination between the formation of a ruthenium oxide or a 
chemisorbed phase on ruthenium on the basis of the Ru 3d signals is difficult. In principle 
these species are discriminable, but the differences of the binding energies are very low (≤ 0.3 
eV for RuO2(110) or RuO2(100) vs. (1x1)O-Ru(0001)).[8,227] The energy resolution of the 
used XPS spectrometer is to low (~ 0.5 eV) to reliably differentiate between ruthenium oxide 
or chemisorbed oxygen phase. But a differentiation between RuO2 or a chemisorbed oxygen 
phase on the basis of the O 1s signal is more reliable due to a larger binding energy difference 
(> 0.6 eV) and a significant higher peak intensity for RuO2, compared to a chemisorbed 
oxygen phase. During the oxygen treatment and the ruthenium film formation the O 1s signal 
stays at 530.2 eV and does not shift to lower binding energies (cf. figure 6.2.1-2b). This 
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strongly indicates the formation of a chemisorbed oxygen phase on metallic ruthenium. For 
comparison: the O 1s binding energies for RuO2(110) or a (1x1)O phase on Ru(0001) are 
529.5 eV or 530.1 eV, respectively.[8] Also the O 1s signal intensity (cf. figure 6.2.1-2b, red 
curve) is qualitatively comparable to a (1x1)O phase on Ru(0001). The slight increase in 
height for further dosages is assigned to the formation of the RuOx clusters (cf. figure 6.2.1-
1d,e). 
In conclusion, the exposure of O2 to the rough film of merged Ru islands (≤ 4 ML Ru) with 
typical oxidation conditions (p(O2) = 2·10−5 mbar, 680 K) did not lead to the formation of 
RuO2. Instead a perforated inhomogeneous film is formed that consists of metallic ruthenium 
with chemisorbed oxygen. The transformation of three-dimensional metallic ruthenium 
islands to a rather two-dimensional wetting film is facilitated by the chemisorbed oxygen. The 
oxygen evidently reduces the surface free energy of ruthenium so significantly that the energy 
relation from Young’s equation is now in favor of a two-dimensional film instead of the 
three-dimensional islands ( RuOAu /σσ > ). The question, why no RuO2 has been formed under 
these typical oxidation conditions, will be elucidated in the next section. 
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6.2.2 Formation of RuO2(110) by oxidation of 10 ML Ru/Au(111)  
 
Although a first indication for the oxidation of the 4 ML film of merged Ru islands is visible 
on the basis of the formed clusters (cf. figure 6.2.1-1d,e), it is still unclear why flat RuO2 
layers have not been formed by using the typical Ru(0001) single crystal oxidation conditions. 
With a (0001) orientation of the 4 ML deposited ruthenium, its oxidation is assumed to be 
similar. In literature, the thickness of a growing ultrathin RuO2(110) is determined to be at 
least 3 to 4 layers.[145,190,191] While the interface is well defined in the RuO2/TiO2(110) system, 
the binding the oxide and the metallic substrate at the interface is unknown for the 
RuO2/Ru(0001) system. In case of the oxygen treatment of the 4 ML Ru/Au(111) surface, a 
hypothetical 3 to 4 layered RuO2 would either bind directly to the Au(111) substrate surface 
or only a very thin layer of metallic ruthenium would be located at the interface between the 
oxide and the gold substrate. Due to the weak interactions between oxygen and the gold 
surface it is assumed that RuO2 structures are not stable on or near the Au(111) surface. This 
raises the question how much deposited Ru is necessary on the Au(111) surface before it can 
readily be oxidized to RuO2. To investigate this question, larger amounts of ruthenium (10 
ML) were evaporated to the Au(111) surface to increase the thickness of the film of merged 
Ru islands and to create a “buffer” layer of metallic Ru on which RuO2 can be formed. 
At first 7000 L molecular oxygen were dosed to the 10 ML Ru/Au(111) surface at room 
temperature to form a chemisorbed oxygen phase on the merged ruthenium islands, which 
have (0001) orientation. Generally, at room temperature the oxidation of Ru(0001) by O2 is 
prevented and only a chemisorbed oxygen layer with a coverage up to 0.5 ML can be formed 
by this procedure.[174] Afterwards the 10 ML Ru were oxidized by annealing the surface to 
680 K in an oxygen environment of p(O2) = 2·10−5 mbar for 30, 50 and 80 minutes. By the 
exposure of these high dosages of O2 on the 10 ML Ru/Au(111) surface, the oxidation and 
formation of a RuO2(110) film was facilitated. The corresponding XPS data of this oxidation 
are presented in figure 6.2.2-1.  
The XP spectrum of the as-prepared 10 ML ruthenium film shows a small and broad O 1s 
signal with its maximum at ~ 531.0 eV (cf. figure 6.2.2-1, black curve a). The subsequent 
exposure of 7000 L O2 at room temperature towards the rough ruthenium film leads to an 
increase of the O 1s signal without any measurable chemical shift (cf. figure 6.2.2-1, purple 
curve). Upon oxidation, the O 1s signal has increased significantly and is shifted to lower 
binding energies from 530.1 eV after 30 minutes of oxygen exposure (cf. figure 6.2.2-1, green 
curve c) to 529.8 eV after 80 minutes of oxygen exposure (cf. figure 6.2.2-1, blue curve e). 
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STM images are presented in figure 6.2.2-2 to illustrate the surface after 80 minutes of 
oxidation. 
 
 
Figure 6.2.2-1: XP spectra of the O 1s signal after exposure of O2 on the 10 ML ruthenium film of 
merged islands at room temperature and the subsequent oxidation at 680 K with increasing amounts 
of oxygen (c,d,e). The shift to lower binding energies and the increase of the O 1s signal indicates the 
formation of RuO2.  
 
The STM images evidently display the formation of flat RuO2(110) islands (c.f. figure 6.2.2-
2a,b). Magnification of the flat RuO2(110) terraces reveals the typical oxygen bridge rows 
with its interatomic distance of 6.3 Å (cf. figure 6.2.2-2e). The thickness of the oxide is 
determined by line scan analysis (cf. figure 6.2.2-2c). With a height of 16.5 Å and 19.9 Å, a 
thickness of five and six layers can be assigned to the formed RuO2(110) patches, 
respectively. The stripe-like patches of RuO2(110) seen in figure 6.2.2-2b show two distinct 
rotational domains, that are rotated by 120° with respect to each other. This growth behavior 
is analogous to RuO2(110) grown on Ru(0001). For the Ru(0001) single crystal surface, the 
formation of three rotational domains results from the transition of the higher symmetry of the 
underlying Ru substrate (3-fold) to the lower symmetry of the rectangular unit cell of 
RuO2(110) (2-fold).[192] When applying this information to the STM pictures from figure 
6.2.2-2, it can be concluded that the substrate below the RuO2(110) patches must also exhibit 
3-fold symmetry.  
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Figure 6.2.2-2: STM images of the oxidized 10 ML ruthenium film after a total exposure of 96000 L 
O2 at 680 K. (a) 1.0 µm x 1.0 µm scan of the oxidized surface; (b) 200 nm x 200 nm magnification of 
an area with grown RuO2(110) patches (marked blue in (a)); (c) The line scan analysis illustrates the 
thickness of the formed RuO2(110) film (d) magnified 120 nm x 120 nm area where no RuO2(110) 
islands are present on the surface; (e) 30 nm x 30 nm magnification of the RuO2(110) patches, 
showing atomic resolution of the oxygen bridges; (f) line scan analysis illustrates the height of one 
formed RuO2 crystallite. Tunneling conditions: U = 1.2 – 1.5 V, I = 0.8 – 1.0 nA. 
 
Besides the flat RuO2(110) films very high islands or clusters are formed, too, which are also 
rotated by 120° with respect to each other (cf. green circles in figure 6.2.2-2b). With regard to 
the symmetry relations between the RuO2(110) domains and the underlying film in figure 
6.2.2-2b, this indicates a faceted oxide structure for these rotated islands. Line scan analysis 
reveals that these clusters and islands are significantly thicker (~ 6 nm) than the flat oxide 
patches (< 2 nm) (cf. figure 6.2.2-2f). But with no atomic resolution the exact structure of 
these faceted islands remains elusive. The magnification shown in figure 6.2.2-2d depicts the 
morphology of the surface to which these faceted islands are binding. A closer inspection of 
the underlying surface reveals an inhomogeneous film with many larger defects in its top 
layer (cf. figure 6.2.2-2d, light blue circle). From the morphology of this film, its similarities 
towards the previously described perforated ruthenium film are evident (cf. figure 6.2.1-1). 
But due to the very big height differences (> 6 nm) on the surface, a better resolution of the 
underlying substrate was not achieved. Therefore the typical minor defects or holes could not 
be resolved and a firm assignment is not possible. But from the rotation domains of the grown 
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faceted islands, the symmetry of the underlying film can be determined to be either trigonal or 
hexagonal, which supports the interpretation of the underlying perforated ruthenium film.  
By comparing the observed structures in the STM images to the corresponding XPS data, 
further interpretations of the O 1s signals are possible. The O 1s signal with a high intensity 
and a binding energy 529.8 eV (cf. figure 6.2.2-1, blue curve e) is now clearly assigned to the 
formation of flat RuO2(110) structures. For comparison the O 1s signal after 30 minutes of 
oxygen treatment has a binding energy of 530.2 eV. Its intensity and binding energy is 
comparable to the O 1s spectra of the perforated film with many clusters located on top of it. 
Therefore the exposure of O2 at these conditions is related to the so-called nucleation phase of 
the Ru(0001) oxidation mechanism, where small RuOx clusters are formed from which the 
growth of RuO2(110) is enabled.[190] The binding energy difference between the perforated 
ruthenium film and the grown oxide (~ 0.4 eV) patches is comparable to the binding energy 
difference for a chemisorbed oxygen phase and a formed RuO2(110) on the Ru(0001) single 
crystal surface (0.6 eV) 27.  
The interpretation of the O 1s signal after exposure of 7000 L O2 at room temperature is 
elusive. By this preparation a chemisorbed oxygen phase with coverages up to 0.5 ML on the 
rough ruthenium film should be formed. While the O 1s signal intensity is in principle 
comparable to a (2x2)O overlayer structure on Ru(0001), the binding energy difference 
towards the RuO2 O 1s signal (cf. figure 6.2.2-1, at 529.8 eV) is too large (≥ 1.1 eV). 
Therefore a clear assignment for this oxygen species is not possible at this point and an 
interpretation would be speculative.  
In conclusion, the oxidation behavior of a rough ruthenium film on the Au(111) surface (c.f. 
figure 6.1-1) has significantly changed by increasing the amount of deposited Ru. Due to the 
weak gold-oxygen binding, RuO2 bound directly to the Au(111) surface is assumed to be 
unstable. But RuO2(110) can readily be formed if the rough Ru film thickness on the Au(111) 
substrate is increased, e.g. by deposition of 10 ML Ru on the Au surface. This evidently 
proves that the Au(111) substrate significantly inhibits the oxidation of the deposited 
ruthenium. If the amount of deposited Ru is too low (≤ 4 ML), only a reconstruction of the 
rough ruthenium film of merged islands to an oxygen stabilized, flat and perforated film on 
the Au(111) surface is observed. Although the formation of RuO2 has only be proven for the 
oxidation of 10 ML Ru/Au(111) surface, it is assumed that about 6 ML of Ru might already 
be sufficient, so a three layered RuO2 can be formed on a 3 ML thick metallic ruthenium 
buffer layer. As already shown, the oxygen treatment of the 4 ML Ru/Au(111) surface leads 
                                                 
27
 O 1s binding energies: for chemisorbed oxygen on Ru(0001) 530.07 eV; for RuO2(110) on Ru(0001) 529.5 
eV.[8] 
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to the formation of critical nuclei on top of the perforated ruthenium film. Starting from these 
nuclei the formation of thin (3 layered) RuO2 film may occur, which is partially covering the 
metallic ruthenium, if the amount of deposited ruthenium is sufficient (≥ 6 ML in total). 
However this threshold value for the critical amount of deposited ruthenium, which can 
readily be oxidized, needs to be verified. Oxidation experiments of rough ruthenium films 
with stepwise increasing amounts of deposited Ru (e.g. 5 ML, 6 ML, 7 ML, etc.) are one 
possibility to clarify this question. Also the influence of the Au(111) surface on the deposited 
ruthenium is still unclear. It evidently inhibits the oxidation capability of the (0001) oriented 
rough ruthenium film. Evidently 1 ML of metallic ruthenium, acting as a buffer layer, is not 
sufficient to stabilize the formation of a three layered RuO2 film at the chosen oxidation 
conditions (cf. the oxygen treatment of the 4 ML Ru/Au(111) surface, chapter 6.2.1). 
Theoretical investigations (e.g. DFT calculations) as well as thickness dependent STS 
measurements are one possibility to examine the influence of the underlying Au(111) 
substrate on the electronic structure of the (0001) oriented rough ruthenium film.  
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6.2.3 Thermal stability of the perforated ruthenium film 
 
Besides the described STM and XPS measurements of the oxidation of Ru deposited on 
Au(111), further studies are mandatory for a better understanding of the chemical nature and 
properties of the perforated ruthenium film. One of these questions is related to the influence 
of the chemisorbed oxygen on the film morphology: If the oxygen is removed, is it possible to 
restore the three-dimensional structure of hexagonal metallic ruthenium islands on the 
Au(111) surface?  
The following experiment addresses this question by investigating the thermal stability of the 
perforated ruthenium film. The series of STM images presented in figure 6.2.3-1 illustrates 
the morphologic changes by annealing the ruthenium film to 750 K in vacuum.  
Starting from the rough ruthenium film (4 ML) formed on Au(111) at 620 K (cf. figure 6.2.3-
1a), a perforated but flat ruthenium film (cf. figure 6.2.3-1b) can already be prepared by 
exposure of 2000 L O2 (p(O2) = 2·10−5 mbar) at 680 K. By STM the typical smaller and larger 
holes in the film are visible. However this film consists of a rather flat morphology with wide 
terraces, which is different to the previously described morphology of the perforated 
ruthenium films (cf. figure 6.2.1-1) that have been prepared at higher exposures of oxygen 
(36000 L O2). Further oxygen exposure of 12000 L O2 to the rather flat perforated ruthenium 
film led to an increase of its overall roughness, i.e. the terrace size decreased while the 
serration of the step edges increased (cf. figure 6.2.3-1c). These STM images evidently show 
that the formation of the perforated ruthenium film is fast and low dosages of O2 (~2000 L) 
are already sufficient for its preparation. 
The thermal decomposition of the porous ruthenium film was achieved by annealing in 
vacuum to 750 K for 30 min (cf. figure 6.2.3-1d). The ruthenium film is still covering the 
Au(111) surface, but its structure has changed. On the one hand the roughness has slightly 
decreased, while on the other hand the top layer of the ruthenium film rearranges to more 
hexagonally shaped islands (cf. figure 6.2.3-1d, blue circles). This change is intensified by 
further annealing in vacuum for additional 90 minutes (cf. figure 6.2.3-1e). After this second 
annealing step, connected hexagonal ruthenium islands are clearly visible by STM. Line scan 
analysis revealed that these ruthenium islands are very high, i.e. up to 4 layers (cf. figure 
6.2.3-1f). Although the perforated film has rearranged to hexagonal islands, the morphology is 
significantly different to the as-prepared Ru islands by PVD (cf. figure 6.2.3-1a). The 
hexagonal structure of the rearranged Ru islands is better pronounced and the top layer terrace 
width is much larger.  
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Figure 6.2.3-1: Thermal decomposition of the porous oxidized ruthenium film. (a) 4 ML Ru deposited 
at 620 K (200 nm x 200 nm); (b) Oxidation by 2000 L O2 (p(O2) = 2·10−5 mbar) at 680 K (200 nm x 
200 nm); (c) Additional dosage of 12000 L O2 (p(O2) = 2·10−5 mbar, 680 K) (200 nm x 200 nm); (d) 
Annealing in vacuum: 750 K, 30 min (200 nm x 200 nm); (e) Annealing in vacuum: 750 K, additional 
90 min (200 nm x 200 nm); (f) Line scan analysis of the reduced porous ruthenium shows the 
formation of thick ruthenium islands (up to 4 layers). Tunneling conditions: U = 0.9 – 1.3 V, I = 1.0 – 
8.0 nA.  
 
As previously described (cf. chapter 6.2.1), the rearrangement of the merged Ru islands to the 
rather flat perforated ruthenium film is accomplished by the diffusion of a mobile ruthenium 
species (RuOx) from the top layers of the Ru islands to the Au(111) surface. Figure 6.2.3-1b 
evidently illustrates the high formation rate of the perforated film. This leads to the 
assumption that the mobile RuOx species is formed rather easily so the rearrangement from 
the rough three-dimensional ruthenium islands to the flat (perforated) ruthenium film occurs 
quickly. The increase in overall roughness of the perforated ruthenium film with increasing 
exposures of O2 (cf. figure 6.2.3-1c) is assumed to stem from the continuous formation, 
diffusion, agglomeration and decomposition of RuOx precursors. By comparing the 
morphology of this roughened film (cf. figure 6.2.3-1c) to the morphology of the underlying 
substrate beneath the RuOx clusters and the RuO2(110) patches (cf. figure 6.2.2-2d, blue 
circle), the similarities are evident. Thus the observed corrosion indicates an onset of the 
oxidation of the perforated ruthenium film.   
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But the most important information of this experiment is the applied temperature of 750 K, 
where the thermal decomposition of the perforated ruthenium film is visualized by STM. 
Although this decomposition was confirmed ex situ after annealing in vacuum for 120 
minutes, this temperature is a first set point for the thermal stability of the porous ruthenium 
layer. Based on the STM images, the restoration of three-dimensional ruthenium islands on 
the Au(111) surface is assumed to occur between 30 minutes (cf. figure 6.2.3-1d) and 120 
minutes (cf. figure 6.2.3-1e) of annealing in vacuum. A precondition for this island 
reformation is the loss of chemisorbed oxygen, which is assumed to stabilize the two-
dimensional spreading of ruthenium on the Au(111) surface. However the applied 
temperature of 750 K in vacuum is below the measured desorption temperatures for 
ruthenium-oxygen species from the Ru(0001) surface in literature.[185] The thermal 
decomposition of RuO2(110)/Ru(0001) and the resulting O2 desorption of this decomposition 
process is observable around 1040 K. If chemisorbed oxygen phases (e.g. the (1x1)O) were 
present on Ru(0001), the desorption maximum of O2 occurs above 1100 K. In recent studies a 
ruthenium-oxygen species was prepared whose decomposition and O2 desorption is 
observable around 750 K to 800 K.[197] Herd et al. suggested that this O2 desorption signal 
stems from the thermal decomposition of the critical RuOx nuclei from which the formation of 
RuO2(110) starts.[92,197] This shows that ruthenium-oxygen species exist that have a lower 
stability in vacuum than the well known RuO2(110) or chemisorbed oxygen phase on the 
Ru(0001) surface. This leads to assumption that the perforated ruthenium film is also a less 
stable ruthenium-oxygen structure that can readily decompose at temperatures below 800 K 
due to a partial loss of chemisorbed oxygen by O2 desorption. 
However, it has to be emphasized that within the mentioned TDS experiments from literature 
the high temperatures are usually reached by steep heating ramps (several K/s). Therefore the 
mentioned O2 desorption temperatures for the different ruthenium-oxygen species (≥ 1040 
K)[185] cannot be compared directly to the thermal decomposition temperature of the 
perforated ruthenium film. For a better comparison of the thermal stability of the perforated 
ruthenium film to the literature, TDS experiments and a series of ex situ thermal 
decomposition experiments, which are monitored by XPS and STM, are mandatory. 
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6.3 Proposed mechanism for the formation of the perforated 
ruthenium film  
 
The oxygen treatment of the merged Ru islands leads to the formation of a covering 
perforated ruthenium film. To explain the unique structure of this film a mechanism for its 
formation is proposed. A schematic illustration is given in figure 6.3-1 by a top and side view 
on the different atomic processes that are included in the mechanism. This proposed 
mechanism is solely focusing on the oxidation of the ruthenium islands and the formation of 
the perforated ruthenium film by mobile ruthenium atoms. The distortion of the Au(111) 
herringbone structure is not shown within this mechanism.  
 
 
Figure 6.3-1: Schematic illustration of the proposed mechanism for the formation of the perforated 
ruthenium film on Au(111) by oxygen exposure to the rough ruthenium film. Top view (a-c) and side 
view (d-f). The changes of the Au(111) herringbone reconstruction are not included in this schematic 
illustration, because the proposed mechanism for the perforated ruthenium film solely concentrates on 
the oxidation of the Ru islands and the rearrangement of the Ru atoms on the surface. (a,d) Physical 
vapor deposition of Ru on the Au(111) surface at higher temperatures (e.g. 620 K) leads to the 
formation of ruthenium islands. (b,d) Exposure of oxygen to the Ru/Au(111) surface induces the 
dissociative adsorption of O2 exclusively on the ruthenium islands with the subsequent formation of 
the mobile RuOx precursors.  The RuOx precursors diffuse downwards to the Au(111) surface where 
they either get stuck at the perimeter sites or they diffuse on the Au(111) surface. (c,f) Further 
attachment of diffusing RuOx precursors causes the formation of a covering ruthenium film with 
oxygen bound on top of it. The mobile RuOx precursors are assumed to bind to certain perimeter sites 
but not others, due to increasing local strain in the ruthenium film. This leads to small areas where no 
ruthenium atoms are attached, i.e. the so-called minor defects or holes.  
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After the deposition of ruthenium on the Au(111) surface at 620 K, small and isolated 
ruthenium islands are formed (cf. figure 6.3-1a,d). From the hexagonal shape of the islands, a 
hcp(0001) orientation for the deposited ruthenium is assumed. On these small islands the 
exposed O2 can adsorb dissociatively thus forming mobile RuOx precursors at 650 K (cf. 
figure 6.3-1b,e). The formation of such mobile RuOx precursors was proposed in literature for 
the initial oxidation of Ru(0001) single crystal surface by O2.[190] With the same 
crystallographic orientation of the grown Ru islands on Au(111), it is also expected that a 
similar mobile RuOx species is involved in this oxidation process28. Due to the nobility of 
gold, the dissociative adsorption of O2 on the Au(111) surface is very unlikely, especially at a 
temperature of 680 K, where every known gold-oxygen species should be decomposed 
immediately (cf. TDS data in table 1.2-1). The formed mobile RuOx precursors are diffusing 
downwards from the top of the Ru islands towards the Au(111) surface (cf. figure 6.3-1b,e). 
Depending on the stability and mobility of the RuOx precursors on the gold substrate, either 
further diffusion over the Au(111) surface is possible or the attachment of the precursors at 
the perimeter sites of the Ru island and the Au substrate occurs (cf. figure 6.3-1e). The 
continuous formation of RuOx precursors on the top ruthenium layers induces the attachment 
of more and more ruthenium atoms at the perimeter sites by the downward diffusion 
precursors, thus leading to a wetting ruthenium film with adsorbed oxygen bound on top of it 
(cf. figure 6.3-1c,f). The chemisorbed oxygen on the flat and perforated ruthenium film is very 
important for its wetting behavior. While metallic ruthenium rather tends to grow three-
dimensional to islands in absence of oxygen, this is different if chemisorbed oxygen is 
available. By significantly decreasing the surface free energy of ruthenium[187] the 
chemisorbed oxygen phase facilitates the two-dimensional spreading on the Au(111) surface.  
The porosity of the wetting ruthenium film is induced by local strain. A similar effect of a 
inhibited lateral attachment of atoms at perimeter sites has been reported for the system of Ag 
nanoparticles on CeO2−X(111).[137] Campbell et al. pointed out that the local strain maximizes 
at the Ag nanoparticle island edges, which prohibits further agglomeration of Ag atoms at 
these nanoparticles. They also stated that these local strain effects are very important for the 
morphology and the nucleation and growth of deposited metals. Adapted from this model of 
local strain, the formation of the small holes in the perforated ruthenium film is assumed to 
stem from a similar effect of local strain within the ruthenium film. It is assumed that not all 
perimeter sites are energetically equal for the attachment of RuOx precursors due to increasing 
strain with increasing lateral expansion of the wetting film. Accordingly the precursors 
                                                 
28
 Keeping in mind that the oxidation conditions for the oxidation of the hexagonally shaped Ru islands on 
Au(111) are the same as in the Ru(0001) single crystal oxidation. 
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preferentially bind to perimeter sites where the local strain is not too big. As a consequence, 
small (minor) holes in the ruthenium film are formed at the perimeter sites, where the local 
strain is too high for the attachment of RuOx precursors.  
With this mechanism it is also possible to describe the presence of the larger holes in the 
perforated ruthenium film (cf. figure 6.2.1-1, green circles). The exposure of O2 to the surface 
results in the formation of tremendously high amounts of RuOx precursors on the surface. For 
these many RuOx precursors, their mean free pathway for surface diffusion is significantly 
reduced, which results in a higher nucleation rate and therefore a higher density of smaller 
islands. If these islands do not merge together completely, larger holes in upper layers of the 
perforated film structure are formed.  
In principle this high nucleation rate is comparable to an epitaxially growing material which is 
deposited on a surface with very high deposition rates. For instance: In the FvdM-growth a 
single covering adlayer is formed, before the next layer starts to grow. This can be achieved if 
lower deposition rates are applied, so the deposited atoms can freely diffuse on the surface 
and no nucleation on top of the formed layer occurs. But if the deposition rate is strongly 
increased, nucleation of the deposited atoms on top of the already formed layer gets more and 
more pronounced. As a result a rough film of merged islands will be formed instead of a flat 
and homogeneous film.  
This simplified mechanism describes the formation and the morphology of the perforated 
ruthenium film. However the disadvantages of this proposed mechanism are also revealed. By 
excluding the morphologic changes of the substrate (e.g. the loss of the herringbone 
overstructure and the reformation of the primitive Au(111)-1x1 surface) the important 
influence of the supporting substrate on the resulting morphology of the ruthenium film is not 
considered, yet. Additionally the interface between the ruthenium film and the Au(111) 
substrate is unknown. Therefore the local strain and its influence on the porosity of the 
ruthenium film needs to be proven by experiments or theoretical investigations. Generally, 
this mechanism is used as a first guideline to describe and understand the formation of the 
perforated ruthenium film and its morphology. An adoption of this mechanism on the basis of 
conducted experiments in the future will be mandatory. 
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6.4 Conclusion considering the growth and oxidation of Ru on 
Au(111) 
 
Based on the STM measurements and the corresponding XPS data for the Ru/Au(111) 
system, the following conclusions can be drawn: 
 
1. Ruthenium deposited by PVD on the Au(111) surface grows three-dimensional in 
a Volmer-Weber-like behavior, thus forming islands with hexagonal symmetry. 
This observed growth nicely reflects the expected growth behavior of metallic 
ruthenium on Au(111) based on the huge differences of their surface free energies 
( AuRu σσ > ). Simultaneous to the growth of Ru is the distortion and rearrangement 
of the gold herringbone reconstruction. The observable amount of Ru in the STM 
images is lower than the expected amount of Ru that was calculated on the basis of 
the deposition rate. This indicates an insertion of ruthenium into the top Au(111) 
layer by forming either a ruthenium-gold surface alloy or partially embedded 
ruthenium islands.  
2. Oxygen exposure to the ruthenium islands leads to a perforated ruthenium film, 
which is covering the Au(111) surface. The porosity stems from small holes and 
larger holes or defects within the first layers of the ruthenium film. The small holes 
are formed to release strain of the ruthenium film, which is induced by the lattice 
misfit between Au(111) and the ruthenium film. The larger holes or defects in the 
first layers are explainable by the formation of too many mobile ruthenium atoms 
that nucleate to new islands instead of attaching to an already formed island step 
edge. By this high nucleation rate, a complete defect free growing film by merging 
of these growing islands is not formed. This is similar to the principle of 
deposition rate in epitaxial growth: A high deposition rate can lead to low mean 
free pathway of diffusing atoms and a high nucleation rate. As a result a rough film 
of merged islands would be formed instead of a well grown two-dimensional film 
(in case of FvdM-like growth behavior). 
3. The characterization by XPS was done by preparing the well known RuO2(110) 
film on the Au(111) surface and using its O 1s signal as a reference value for the 
oxygen treated Ru/Au(111) system. With assigning the O 1s binding energy of 
529.8 eV to the formed RuO2(110), a binding energy of 530.2 eV is assigned to the 
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perforated ruthenium film. This shift by ~ 0.4 eV to higher binding energies 
indicates a chemisorbed oxygen phase on metallic ruthenium. Also the O 1s signal 
intensity of the perforated ruthenium film is comparable to a (1x1)O phase on the 
Ru(0001) single crystal surface. The formed chemisorbed oxygen phase is 
assumed to stabilize the perforated metallic ruthenium film. By the formation of 
ruthenium-oxygen bindings, the surface free energy of Ru is assumed to be 
lowered ( AuRuO σσ </ ) that the formation of a two-dimensional film covering the 
Au(111) surface is favored.  
4. The influence of the underlying Au(111) substrate on the grown ruthenium islands 
becomes evident by taking a closer look on the critical amount of Ru, which is 
necessary for the formation of RuO2(110) on the gold surface. Compared to the 
Ru(0001) single crystal surface, higher dosages of O2 are necessary to form 
RuO2(110) from the hexagonally shaped ruthenium islands. Also the amount of 
Ru, deposited on the Au(111) surface, for the oxide formation is crucial. In the 
Ru(0001) single crystal oxidation RuO2(110) grows to a minimum thickness of 
about three to five layers, which spread laterally over the surface without 
significant further increase in oxide thickness. With only 4 ML Ru deposited on 
the Au(111) surface, most of the ruthenium would be needed for the formation of 
an oxide with equal thickness. Therefore the oxide would bind either directly to the 
Au(111) surface, or only a single layer of ruthenium would be at the interface 
separating the oxide from the gold. Due to the weak oxygen gold interaction, 
RuO2(110) bound to the Au(111) surface is assumed to be not stable. This 
becomes evident by the oxidation of 10 ML Ru/Au(111) where RuO2(110) is 
readily formed, thus supporting the assumption of a critical thickness (or amount) 
of ruthenium, which acts as a buffer layer between the Au(111) surface and the 
RuO2(110).  
5. The thermal stability of the porous ruthenium film was investigated by annealing 
to 750 K in vacuum for 120 minutes. By STM a complete rearrangement to 
hexagonally shaped Ru islands is observable, thus evidently revealing the 
decomposition of the perforated ruthenium film.  
 
The presented experiments are the first systematic growth and oxidation investigations on the 
Ru/Au(111) system under UHV conditions. Similar to the complimentary Au/Ru(0001) 
system, the exposure of oxygen significantly changes the morphology of the deposited 
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metallic Ru film. The growth behavior and resulting morphologies of both systems (with or 
without the presence of oxygen) can be described qualitatively by Young’s equation, with the 
surface energy relation between ruthenium and gold being the main driving force.  
Although various results have been obtained yet, further XPS and STM experiments as well 
as a combination of TDS and LEED experiments have to be performed to further investigate 
and clarify the structural properties of the perforated ruthenium film on the one hand, and its 
redox behavior on the other hand. Moreover the unique structural morphology of the 
perforated ruthenium calls for intercalation experiments of different molecules. For instance, 
it could be used as a template for water intercalation and the preparation of hydrous 
ruthenium oxide under UHV conditions.  
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7. Inhibition of the Ru(0001) oxidation by gold islands 
 
As described in chapter 5.1.1 the deposition of gold (0.5 ML) on Ru(0001)-(2x1)O at 700 K 
induces the growth of hexagonal gold islands along the step edges as well as at the high 
coordination sites of the surface. Coincidentally at these high coordination sites, critical 
nuclei29 are formed, from which the growth of RuO2(110) starts during the initial oxidation of 
the Ru(0001) surface.[190] Due to the nobility of bulk gold towards O2, the formation of  the 
rather large hexagonal gold islands at these nucleation sites is assumed to inhibit the 
formation of the critical nuclei and the further oxidation of the Ru(0001) surface. Comparable 
experiments have been carried out by Chorkendorff et al. where the dissociative adsorption of 
N2 on the Ru(0001) surface was inhibited by the deposition of gold.[228] 
Figure 7-1 schematically illustrates the critical steps for the formation of the critical nuclei in 
the initial gas phase oxidation of Ru(0001) by O2.  
a) Schematic illustration of a nucleation site on the Ru(0001) surface. The numbers in 
brackets represent the difference in layers towards the lowest terrace (cf. figure 7-1a, 
indicated by 0). The double- or multistep is highlighted by a thicker line while the 
single step is depicted by a thin line.  
b) Dissociative adsorption of O2 and surface diffusion of chemisorbed oxygen. 
c) Mobile RuOx precursor formation and diffusion along the double- or multi-steps 
towards the nucleation sites. 
d) Formation and growth of the critical nucleus by the agglomeration of RuOx precursors 
at the nucleation site as well as the one-dimensional corrosion of the steps to form 
more mobile precursors. 
e) Growth of a two-to-four layered RuO2(110) film initiated by the active clusters at the 
nucleation sides.  
To achieve the inhibition of the Ru(0001) single crystal oxidation, 0.5 ML Au were deposited 
on the Ru(0001)-(2x1)O surface at 700 K. Afterwards 27000 L molecular oxygen (p(O2) = 
3·10−5 mbar) at 680 K were dosed to induce the oxidation. By these oxidation conditions 
usually many critical nuclei and a partially covering thin film of RuO2(110) is formed on the 
bare Ru(0001) surface.[92,190] 
 
                                                 
29
 The critical nuclei, which are formed in the initial gas phase oxidation, are also simply called (critical) clusters 
in the recent publications.[92,190]  
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Figure 7-1: Summarized initial gas phase oxidation of the Ru(0001) single crystal surface near the 
nucleation site. (a) Schematic illustration of the nucleation site; (b) dissociative adsorption of O2 and 
surface diffusion of chemisorbed oxygen; (c) formation of the mobile RuOx precursors as well as their 
diffusion along the steps to the nucleation site; (d) agglomeration of RuOx precursors induces the 
formation of the critical nucleus; (e) growth of a thin RuO2(110) film (2 to 4 layer thick) along the 
neighboring step edges. 
 
 
Figure 7-2: This series of STM images illustrates the influence of deposited gold on the oxidation 
process of the Ru(0001) surface by typical oxidation conditions: p(O2) = 3·10−5 mbar, 680 K. Image a) 
(300 nm x 300 nm) displays a larger area of the surface before the exposure of 27000 L O2. The 
images b) (200 nm x 200 nm) and c) (150 nm x 150 nm) shows the strong corrosion at the Ru steps 
while the Au islands remain unharmed upon the oxygen treatment. Tunneling conditions: U = 1.2 V, I 
= 1.0 nA.  
 
Figure 7-2 shows STM pictures of the Ru(0001)-(2x1)O surface with deposited gold (0.5 ML 
at 700 K, cf. figure 7-2a) and the subsequent oxygen treatment of this Au/Ru(0001) surface 
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by exposure of 27000 L O2 at 680 K (cf. figure 7-2b,c). The STM images give no indication 
for the formation of RuO2(110) or critical nuclei during this preparation. The grown gold 
islands are blocking most of the step edges and especially the intersections between single 
steps and double (or multiple) steps (cf. figure 7-2a). Instead of the Ru(0001) single crystal 
oxidation, a strong corrosion of the steps is observable (cf. figure 7-2b,c). This is insofar 
noteworthy because such a corrosion of the ruthenium surface has only been observed for the 
oxidation by atomic oxygen.[197,200] The gold islands retained their hexagonal shape and are 
not attacked by the exposed O2 (cf. figure 7-2b,c). This is confirmed by the corresponding Au 
4f XPS signals (cf. figure 7-3a), which give no indication for the oxidation of the gold islands. 
The slight increase of the O 1s signal at 530.1 eV (cf. figure 7-3b) can be assigned to the 
formation of a more dense oxygen overlayer. Both, the O 1s signal intensity and its binding 
energy confirm that no covering film of RuO2(110) is formed on the surface.30 
 
 
Figure 7-3: The inhibited oxidation of the Ru(0001) surface is illustrated on the basis of Au 4f (a) and 
O 1s (b) spectra. After deposition of 0.5 ML gold on a (2x1) oxygen precovered Ru(0001) surface, the 
formation of metallic gold islands is confirmed by the Au 4f signals at 84.0 eV and 87.7 eV. After the 
deposition of gold, 27000 L O2 were exposed to the Au/Ru(0001) surface at 680 K for the formation of 
RuO2(110). However, the O 1s signal in (b) evidently shows that no RuO2(110) is formed by this 
oxygen treatment. The slight increase of the O 1s signal intensity at the binding energy of 530.1 eV, is 
assigned to the formation of a (1x1)O chemisorbed oxygen phase. For the formation of a RuO2(110) 
film, a significant shift to lower binding energies (≥ 0.6 eV) of the O 1s signal is expected. The 
unchanged Au 4f signals in (a) indicate that the gold islands are not attacked during the O2 treatment. 
 
A more careful analysis of magnified STM images reveals a selective corrosion of certain 
steps while other steps remain mostly uneffected (cf. figure 7-4). Line scans of corroded (cf. 
line scan 7-4b) and uneffected steps (cf. line scans 7-4a and 7-4c) show that only the single 
                                                 
30
 The O 1s binding energy of RuO2(110) on Ru(0001) is 529.5 eV. 
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steps of the Ru(0001) surface are attacked upon the O2 exposure. However, the corrosion of 
the single steps has never been observed in the initial gas phase oxidation of Ru(0001) upon 
O2 exposure.[190]  
 
 
Figure 7-4: A STM picture shows the selective behavior of corrosion on the Au/Ru(0001) surface. 
Using line scans at certain positions on the surface the single steps (line scans b) were identified to 
corrode during the exposure of O2, while the double or multi steps remain mostly unharmed (line 
scans a and c). Tunneling conditions: U = 1.2 V, I = 1.0 nA.  
 
Therefore the deposited gold islands may change the extraction process of ruthenium atoms 
from the steps: Instead of the double steps of the Ru(0001) surface, the single steps are 
attacked by the dosed O2. Upon oxygen exposure a two-dimensional corrosion into the 
terraces of Ru(0001) and the agglomeration of the RuOx precursors along the corroded steps 
is visible (cf. figure 7-2b,c). At this point it cannot be determined if the oxidation of the 
Ru(0001) surface is only inhibited or completely prevented. It is possible that the oxidation 
starts at (significantly) higher exposures of molecular oxygen. Long term oxidation 
experiments are a possibility to clarify this issue.  
Statistical analysis (cf. figure 7-5) of the agglomerated RuOx precursors reveals no clear 
structure information. For a direct comparison to literature, the height of metallic ruthenium 
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layers and bulk RuO2 are indicated by the blue and green dotted lines, respectively.31 The 
broad height distribution ranges from 1.8 Å to 8.0 Å. Therefore no reliable assignment is 
possible, neither to metallic ruthenium nor to RuO2(110).  
 
 
Figure 7-5: Statistical height analysis of the agglomerated deposit along the Ru steps shows a broad 
distribution, ranging between 1.8 Å and 8.0 Å. Marked by the blue and green dotted lines are the 
thickness of single or multiple layer spacings of bulk Ru(0001) or bulk RuO2, respectively. Compared 
to these reference values no clear assignment to one of these ruthenium species is possible by this 
statistical height distribution. 
 
Herd at al. recently suggested that the activation of O2 on the Ru(0001) surface solely appears 
at double or multi steps and not at single steps.[92,200] During O2 exposure at higher 
temperatures a dense (1x1)O overlayer is formed on the Ru(0001) surface.[177,229] On this 
(1x1)O precovered ruthenium surface the dissociative adsorption of additional O2 molecules 
becomes improbable as can be seen by the sticking coefficient of O2.[230] On the oxygen free 
Ru(0001) surface the sticking coefficient is estimated to be approximately 1, i.e. every O2 
molecule that hits the surface is immediately bound and not reflected back into the gas phase. 
On the Ru(0001)-(2x1)O surface the sticking coefficient already decreased to ~ 10−3 and for 
the (1x1)O overlayer it even drops to ~ 10−6.[8,168,230] Also the O-Ru binding energy, with 
respect to a free oxygen atom, displays a similar trend. Due to repulsive interactions between 
the oxygen atoms in the overlayer structure the binding energy between ruthenium and 
oxygen decreases with increasing oxygen coverage.[8,187] Table 7-1 summarizes the 
correlation between the oxygen coverage and O2 adsorption properties on Ru(0001). 
                                                 
31
 The height of a single metallic Ru(0001) and RuO2 layer are 2.2 Å and 3.2 Å, respectively.[92,190,231] 
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Table 7-1: Adsorption properties for the dissociative adsorption of O2 on Ru(0001) depending on the 
oxygen coverage. Values taken from ref. [8,168,230] 
Chemisorbed oxygen 
phase on Ru(0001) Oxygen coverage 
O-Ru binding energy 
with respect to free 
oxygen atoms 
Sticking 
coefficient of O2 
(2x2)O 0.25 ML 5.55 eV ~ 1 
(2x1)O 0.5 ML 5.10 eV ~ 10−3 
(2x2)3O 0.75 ML 5.28 eV - 
(1x1)O 1.0 ML 4.84 eV < 10−6 
 
Considering that O2 activation occurs only at the double or multi steps of the Ru(0001) during 
its oxidation, the micro faceting of the ruthenium surface is assumed to becomes crucial. 
Generally adsorption and activation of O2 at undercoordinated ruthenium atoms is favored 
due to the change in the local density of states (LDOS) of the d-orbitals.[232] However this is 
not the key factor for O2 activation during the oxidation of Ru(0001) because otherwise O2 
may also be activated at single steps, too. More likely at the micro faceted double or multi 
steps, two neighboring adsorption sites are available for the O2 activation.[200]  
In case of the exposure of atomic oxygen in the Ru(0001) surface, the adsorption properties 
change significantly. It is assumed that the adsorption probability of atomic oxygen on the 
Ru(0001)-(1x1)O surface is significantly higher than the adsorption of O2.[92,197] If high local 
density of chemisorbed oxygen atoms is necessary for the release of ruthenium atoms from 
the steps, the formation of RuOx precursors at single steps by exposure of atomic oxygen can 
be explained: Hammer et al. calculated chemisorbed oxygen phases at the single steps of the 
Ru(0001) surface thus depicting that the ruthenium atoms at the step edges are slightly lifted 
at very high oxygen coverages.[233] Such a lifting of ruthenium atoms is assumed to occur due 
to adsorption of atomic oxygen on the ruthenium surface and especially at the single steps. In 
principle the local density of chemisorbed oxygen at all ruthenium steps should be increased 
by the adsorption of atomic oxygen. However the formation RuOx precursors upon exposure 
of atomic oxygen predominantly occurs at the single steps, and only at higher dosages of 
atomic oxygen the double and multi steps are attacked, too.[197] This indicates a kinetic 
limitation for the RuOx precursor formation at the faceted double or multi steps upon 
exposure of atomic oxygen.  
In conclusion, these observations confirm the importance of faceted double or multi steps for 
O2 activation on the Ru(0001) surface. With a negligible adsorption probability at single 
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steps, the dosed molecular oxygen can increase the local oxygen coverage only at the micro 
faceted multi or double steps where the dissociative adsorption of O2 is possible.  
The question within this context is now: How do the formed gold islands on the Ru(0001)-
(2x1)O surface change the location for the RuOx precursor formation from double to single 
steps?  
The formation of the RuOx precursors at the single steps and their corrosion by exposure of 
O2 is assumed to be induced by the deposited Au. In the STM images the shape and size of 
separated gold islands is visible. One could think that a very thin line of gold is attached at the 
double and multi steps of the Ru(0001) surface. But this has never been observed by STM. As 
has been presented in the previous experiments, dosed atomic oxygen predominantly attacks 
the deposited gold. If a thin line of gold is formed along the steps of the ruthenium surface, 
then the formation of small gold nanoparticles along these steps is expected due to the 
preferred oxidation of gold. But this has never been observed by STM. Instead only the 
fragmentation of the hexagonal gold islands into clusters has been monitored, thus indicating 
that these islands contain all of the deposited gold. Therefore a specific passivation of double 
or multi steps by a thin gold line is rather unlikely. 
This leads to the assumption that the activation process of O2 may have changed due to the 
deposited gold. Many studies investigated the binding and activation of O2 on gold 
nanoparticles.[25,26,37,41,42,44-49,56] O2 activation on the Au nanoparticles itself is hard to achieve 
due to the weak oxygen–gold binding. Instead O2 predominantly adsorbs at the triple phase 
boundary (tpb) by binding one oxygen atom to the substrate and the other binding to the gold 
island, if a reducible oxide is used as a support.[41,46,49] The O2 readily dissociates at the tpb so 
one oxygen atom can strongly bind to the support while the other oxygen atom, which is 
bound to the gold atom, is assumed to participate in oxidation reactions, e.g. the CO oxidation 
reaction.[41,45,46,49] This active atomic oxygen species is proposed to even oxidize the gold 
atoms at the interface.[41,49] Based on these investigations it is assumed that the activation 
process of O2 on the Au/Ru(0001) surface may be similar. Instead of the exclusive activation 
at the double or multisteps O2 it is possible that molecular oxygen adsorbs at the perimeter 
sites of the gold islands with one oxygen atom bound to the ruthenium surface and the other 
bound to the gold island. The activation of O2 at these sites then induces the formation of the 
RuOx precursors at single steps instead of double steps. However, due to lacking knowledge 
of the O2 activation mechanism on bare Ru(0001), the change in oxidation behavior when 
introducing gold cannot be explained conclusively. 
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In conclusion, the influence of the deposited gold on the oxidation of Ru(0001) is 
schematically illustrated in figure 7-632.  
 
 
Figure 7-6: Summarized steps of the initial gas phase oxidation of Ru(0001) with previously formed 
gold islands at the nucleation sites: (a) Gold deposition leads to surface diffusion of gold islands on 
the oxygen precovered ruthenium surface towards the nucleation sites; (b) dissociative adsorption of 
O2 at 680 K as well as surface diffusion of chemisorbed oxygen; (c) formation of mobile RuOx 
precursors exclusively at single steps and their diffusion along these steps; (d) due to the blocked 
nucleation sites the formation of critical nuclei at these positions and the subsequent formation of 
RuO2(110) is inhibited. Instead more and more mobile RuOx precursors are formed at the single steps, 
thus resulting in a two-dimensional corrosion and the agglomeration of RuOx deposits. 
 
The inhibition of the RuO2(110) formation and the observed two-dimensional corrosion of the 
ruthenium single steps are summarized in the following:  
a) Gold deposition and its diffusion to the nucleation sites forms hexagonally shaped 
(mostly) three layered islands at the chosen growth conditions (0.5 ML Au on (2x1)O 
precovered Ru(0001) at 700 K). 
b) Dissociative adsorption of O2 and surface diffusion of chemisorbed oxygen.  
c) RuOx precursor formation and diffusion along the single steps towards the blocked 
nucleation sites. 
d) Due to the blocked nucleation sites no RuO2 clusters are formed. Instead more and 
more RuOx precursor species are formed, leading to a two-dimensional corrosion of 
the gold free ruthenium single steps. 
                                                 
32
 Please note that (although this graphic looks similar to the one from figure 7-1) the nomenclature of the steps 
and the terraces has changed. The double and single steps are exchanged and the higher lying terrace is now the 
right one. 
 148 
8. Brief survey about growth behaviors in the literature  
 
The growth mechanism of a deposited material on a substrate surface on the atomic level is 
usually very complex and includes many variables that influence the growth behavior 
substantially. Therefore a detailed prediction for the growth behavior of a particular system is 
usually not reliable. Experimental and theoretical investigations are mandatory before an 
interpretation of the growth is reasonable. 
Based on the general model for nucleation theory and epitaxial growth, it is possible to 
qualitatively describe and explain the observed growth behavior: By using Young’s equation 
an explanation for the observed growth morphology can be given. The tables 8-1 and 8-2 give 
a brief overview of growth behaviors for various systems in literature. General assumptions 
can be concluded by these observed growth behaviors.  
 
Table 8-1: Growth on metal surfaces 
System Growth conditions Growth behavior Reference 
MoO3 / Au(111) PVD of Mo in vacuum with subsequent annealing in O2 2 D film growth 234 
MgO / Mo(100) 
PVD of Mg in background O2 
with subsequent annealing in 
vacuum 
2 D film growth: at 
700 K flat film with 
dislocations, at 1000 
K flat film with 
Moiré pattern 
235 
FeXSi1−XO2 / 
Ru(0001) 
PVD of Si and Fe in background 
O2 with subsequent annealing in 
O2 
2 D growth of 
ultrathin Fe-doped 
silicate films with 
Moiré pattern 
236 
ZnO / Pt(111) PVD of ZnO in background O2 
with subsequent annealing in O2 
2 D layer by layer 
growth 237 
ZnO / Au(111) PVD of ZnO in background O2 
with subsequent annealing in O2 
2 D film growth with 
Moiré pattern 238 
FeO and Fe3O4 / 
Pt(111) 
PVD of Fe in vacuum with 
subsequent annealing in O2 
Fe deposition: 300 K 
3 D VW growth, at 
520 K wetting of the 
Pt(111) 
Oxidation: FeO and 
Fe3O4 2 D film 
growth 
239,240 
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Table 8-1: Growth on metal surfaces, continued from previous page 
System Growth conditions Growth behavior Reference 
Au NP / 
CeO2(111) / 
Ru(0001) 
CeO2: PVD of Ce in background 
O2 with subsequent annealing in 
O2 
Au NP: PVD of Au at low 
temperatures 
CeO2: 2 D film 
growth with small 
free areas due to O-
overlayer on 
Ru(0001) 
Au: 3 D cluster 
growth 
241 
Ag NP / 
CeO2−X(111) / 
Pt(111) 
CeO2: PVD of Ce in background 
O2 with subsequent annealing in 
O2 
Ag NP: pulsed atomic beam 
from high temperature effusion 
cell 
Ag NP: MBE evaporation in 
vacuum 
CeO2: 2 D film 
growth 
Ag: 3 D cluster 
growth 
137,242,243 
Au NP / TiO2 / 
Ru(0001) 
TiO2: PVD of Ti in background 
O2 with subsequent annealing in 
O2 
Au NP: PVD in vacuum with 
subsequent annealing 
TiO2: 2 D island 
coalescence SK 
growth 
Au: 3 D cluster 
growth 
244,245 
MgO / Mo(100) 
PVD of Mg in background O2 
with subsequent annealing in 
vacuum 
2 D ultrathin film 
growth 246 
NaCl / Al(111) or 
Al(100) PVD of NaCl in vacuum 3 D island growth 247 
Cr / Ru(0001) PVD of Cr in vacuum 
0.25 ML, 300 K: 2 D 
island growth 
2 ML, 300 K: 3 D 
island growth 
2 ML anneal to 500 – 
700 K: SK growth 
248 
Oxidation of Cu-
9at% Al(111) (Cu-
Al alloy) 
Al segregation and oxidation at 
680 °C using O2 
Formation of a 
wetting thin Al2O3 
film 
249 
TiOX / Mo(112) 
and TiOX / SiO2 / 
Mo(112) 
TiOX: PVD of Ti in vacuum with 
subsequent oxidation 
2 D growth of 
ultrathin TiOX layer 
250 
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Table 8-1: Growth on metal surfaces, continued from previous page. 
System Growth conditions Growth behavior Reference 
TiO2 / Pt(100) 
1. PVD of Ti in vacuum with 
subsequent oxidation using 
atomic oxygen 
2. PVD of Ti in background O2 
with subsequent annealing 
SK growth: 2 D film 
growth of the first 
layer. Afterwards 3 D 
island formation. 
251 
CeO2(111) / 
Ru(0001) 
MBE of Ce in oxygen 
atmosphere with subsequent 
annealing in oxygen 
3 D island VW 
growth 252-254 
Au / TiOX / 
Mo(112) 
PVD of Au in vacuum with 
subsequent annealing 
2 D film SK growth. 
3 D island growth at 
2.5 ML Au 
20,21 
h-BN / Rh(111) CVD of borazine in vacuum 2 D film growth with Moiré pattern 255-257 
h-BN / Ru(0001) CVD of borazine in vacuum 2 D film growth with Moiré pattern 258-260 
Au / h-BN / 
Ru(0001) 
PVD of Au in vacuum with 
subsequent annealing 
3 D cluster growth 
with additional flat 2 
D island formation 
261 
Graphene / Me 
(overview) 
CVD of various carbon 
containing molecules 
2 D film growth with 
Moiré pattern 262 
 
 
 
Table 8-2: Growth on oxide surfaces. 
System Growth conditions Growth morphology Reference 
Au NP / 
CeO2(111) / 
Ru(0001) 
CeO2: PVD of Ce in background 
O2 with subsequent annealing in 
O2  
Au NP: PVD of Au at low 
temperatures 
CeO2: 2 D film 
growth with small 
free areas due to O-
overlayer on 
Ru(0001) 
Au: 3 D cluster 
growth 
241 
Cu / ZnO(0001) PVD of Cu in vacuum 
At low T: Cu islands 
covering the surface. 
Annealing leads to 
dewetting and 3 D 
island formation 
263-265 
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Table 8-2: Growth on oxide surfaces, continued from previous page. 
System Growth conditions Growth morphology Reference 
Pd / α-Al2O3(0001) PVD of Pd in vacuum 
At 300 K: initially 2 
D cluster growth with 
a transition to 3D 
growth at 0.25 ML 
Annealing to 1000 K 
induces sintering and 
3 D cluster formation 
266 
Ag NP / 
CeO2−X(111) / 
Pt(111) 
CeO2: PVD of Ce in background 
O2 with subsequent annealing in 
O2  
Ag NP: pulsed atomic beam 
from high temperature effusion 
cell 
Ag NP: MBE evaporation in 
vacuum 
CeO2: 2 D film 
growth 
Ag: 3 D cluster 
growth 
137,242,243 
Au / TiO2 PVD of Au in vacuum 
Initially 2 D island 
growth with a 2 D to 
3 D transition at a 
temperature 
dependent critical 
coverage  
267 
Pd and Co / 
NiAl(110) (thin 
Al2O3 film) 
PVD of Pd and Co in vacuum Co and Pd 300 K: 3 D cluster growth 268 
TiO2 / Pt(100) 
1. PVD of Ti in vacuum with 
subsequent oxidation using 
atomic oxygen 
2. PVD of Ti in background O2 
with subsequent annealing 
SK growth: 2 D film 
growth of the first 
layer. Afterwards 3 D 
island formation.  
251 
Au / TiO2(110) PVD of Au in vacuum with subsequent annealing 
3 D growth of Au 
clusters at 300 K and 
sintering at higher 
temperature. Higher 
amounts of Au 
induces formation of 
rough films by island 
coalescence 
23,269,270 
Pt / TiO2(110) PVD of Pt in vacuum with subsequent annealing 
3 D growth of Pt 
clusters 271 
 
 152 
Table 8-2: Growth on oxide surfaces, continued from previous page. 
System Growth conditions Growth morphology Reference 
Me / TiO2(110) 
(overview) 
PVD of various metals with 
subsequent annealing 
3 D cluster formation 
of metals with low 
reactivity towards O 
2 D film growth of 
metals with low 
reactivity towards O. 
Simultaneous 
reduction of TiO2 and 
oxidation of adsorbed 
Me 
108,270,272 
RuO2 / TiO2(110) MBE of Ru in oxygen plasma 2 D layer by layer growth  273 
RuO2 / TiO2(110) 
CVD of Ru3(CO)12 in O2 
atmosphere with subsequent 
annealing in O2 
3 D VW like island 
growth 274 
RuO2 NP / P25-
TiO2 
RuO2 NP deposited on P25-TiO2 
by impregnation from acidic 
RuCl3 solution 
3 D NP redistribute 
during deacon 
process at 300 °C 
forming a wetting 2 
D layer 
275 
RuO2 / TiO2(110) CVD of Ru3(CO)12 with subsequent annealing in O2 
1 D wire formation 
covering the surface 
for lower RuO2 
amounts 
Annealing to 800 K 
reduces the oxide and 
forms 3 D metallic 
particles 
276 
 
RuO2/TiO2(110) PVD of Ru in O2 atmosphere 
Formation of 3 D 
square shaped islands 
(≤ 4 ML RuO2) 
followed by 2 D step 
flow multilayer 
growth (≥ 6 ML 
RuO2) 
145 
 
Metal oxides usually have significant lower surface free energies compared to pure metal 
surfaces. Near thermodynamic equilibrium the growth of an oxide on a metal surface is 
assumed to result in the formation of a covering two-dimensional film, if the contribution of 
the interface energy and the strain energy are negligible for the growth behavior. Vice versa, 
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the deposition of a metal on an oxide surface mostly leads to the formation of either clusters 
or three-dimensional islands on the surface. As can be seen by various examples given in 
table 8-1 the growing oxide usually tends to cover the metal surface in a Stranski-Krastanov-
like or Frank-van-der-Merwe-like growth. In table 8-2 examples for the deposition of metals 
on oxide surfaces are listed for which three-dimensional Volmer-Weber-like growths are 
mainly observed. Besides the general growth behavior of these systems (two-dimensional vs. 
three-dimensional growth), their structures on the nanoscale are strongly influenced by the 
interface energy and strain energy. The introduction of defects or the formation of a moiré 
pattern is often observed for covering films, where the interface between the adsorbate and the 
substrate determines the structure of the growing material.[235,236,238]  
In cases where the interface energy and strain energy become more decisive, the growth 
behavior changes substantially. Although a lower surface free energy of the adsorbate would 
induce a two-dimensional growth, a dominant interface energy can lead to a three-
dimensional growth. A good example for this strong influence of the interface energy is the 
growth of CeO2 on Ru(0001).[252-254] Instead of a flat covering oxide, triangularly shaped 
isolated CeO2 islands are growing on the Ru(0001) surface. Another example is the growth of 
Ag deposited on CeO2-x.[137] By deposition of Ag, nanoparticles are formed on the CeO2-x 
surface, whose increase in size is limited due to local strain effects between the nanoparticles 
and the oxide substrate. For both examples the effect of strain has a strong influence on the 
resulting morphology.  
To elucidate the general applicability and limitations of the simplified model of 
heterogeneous nucleation and epitaxial growth, three intensively studied systems will be 
described in more detail, i.e. the formation of metal clusters on TiO2, the growth of RuO2 on 
TiO2(110) and the formation of RuO2(110) by oxidation of a Ru(0001) surface.  
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8.1 Deposition of metals on TiO2 
 
Since the discovery of high activity and selectivity of gold nanoparticles on reducible metal 
oxide surfaces by Haruta et al. manifold research was performed in the field of gold catalysis, 
with TiO2 used as the underlying substrate surface.[12-19] As already summarized by Diebold et 
al. the deposition of metals on TiO2 surfaces generally leads to the formation of three-
dimensional clusters on the surface.[108,272,277] This is confirmed by the simplified model of 
epitaxial growth, i.e. the energy relation given by Young’s equation (cf. equation 3.2-1, 
chapter 3.2). Generally TiO2 has a significant lower surface free energy than the most metals, 
which facilitates the three-dimensional growth of such a deposited metal.[108,272,277] However 
for metals with a high reactivity towards oxygen (e.g. Na or Hf) the formation of flat films 
has been observed.[272]  
By using surface sensitive low-energy ion scattering (LEIS)33 the decrease of the Ti signal 
due to deposition of the adsorbate was measured. In figure 8.1-1 the normalized Ti intensities 
are plotted against the overlayer thickness of the deposited metal. For Hf, the Ti LEIS 
intensity decreases linearly and reaches zero when about 1 ML of Hf was deposited on the 
surface. Due to the higher surface free energy of Hf a three-dimensional growth would have 
been expected. As a consequence one could assume that the interface energy significantly 
changed the growth behavior of Hf on TiO2. But further investigations revealed that during 
the deposition of Hf the top TiO2 layers are reduced to metallic Ti while simultaneously the 
adsorbed Hf is oxidized. This observation is again consistent with Young’s equation due to 
the higher surface free energy of the metallic Ti surface compared to the formed Hf-oxide 
layer. In case of Cu deposition the LEIS signal for Ti decreases parabolically and is still 
observable, even for high amounts of deposited Cu. A three-dimensional growth of Cu 
clusters or islands on the TiO2 surface explains this parabolic pattern. These examples show 
the importance of understanding the chemical processes, which may occur during the 
deposition and growth of a metal on an oxide surface. 
 
                                                 
33
 In LEIS, ions (usually from a noble gas) with a low energy are directed towards the targeted surface. By 
applying energies below 10 keV the ions are scattered at the top layer of the surface. By either transferring 
energy to or from the surface atoms during the scattering process, the noble gas ions change their velocity in 
vacuum. This changed velocity is usually monitored by a time-of-flight analyzer coupled with a microchannel 
plate detector or electron multiplier. By the characteristics of the noble gas beam and geometric setup of the 
different components of the ion scattering system, information about the surface species can be obtained due to 
the element specific scattering process.[278,279]  
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Figure 8.1-1: Trends for the attenuation of the Ti LEIS signal for four different deposited metallic 
species (Cu, Fe, Cr and Hf) on TiO2(110) (left). Corresponding schematic illustrations of these metals 
visualize the early growth stages, i.e. three-dimensional cluster formation (Cu), flat island formation 
(Fe), two-dimensional flat island formation followed by three-dimensional cluster growth (Cr) and the 
formation of a flat wetting film (Hf). Figure taken from [272]. 
 
Another good example is the deposition of gold on TiO2: While gold deposition on TiO2(110) 
single crystal surfaces leads to the formation of three-dimensional clusters on the 
surface,[23,269,270] the morphology of gold deposited on ultrathin TiO2 films changed to thin 
gold layers, which are wetting the surface.[20,21] How can this contradiction be explained? The 
formation of three-dimensional gold clusters on the TiO2(110) single crystal surface confirms 
that the growth is induced by the surface free energies of the involved materials (σAu > σTiO2). 
As a consequence, the ultrathin TiO2 film must have different chemical and physical 
properties than bulk TiO2(110), thus inducing the two-dimensional growth of gold. This 
change of the chemical and physical properties of a ultrathin film will be elucidated on the 
basis of the Rh/Ru(0001) system: It is known for Rh deposited on Ru(0001) that the first layer 
adopts the lattice constants and continues the hcp stacking of the Ru(0001) substrate, although 
Rh is an fcc metal.[280,281] O2 exposure at 535 K leads to the formation of a (1x1)O overlayer 
on 1 ML Rh. This is insofar interesting that on the Rh(111) single crystal surface the 
formation of the (1x1)O overlayer cannot be achieved by molecular oxygen. Therefore the 
first layer of Rh is not only continuing the Ru(0001) stacking, more likely the (chemical) 
properties of the underlying ruthenium are adopted, too.[280,281] In recent studies on the 
properties of thin oxide films formed on metal substrates, it was shown that charge transfer 
through ultrathin films occurs, which changes the properties of such oxide/metal systems.[246] 
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Similar effects probably change the properties of the ultrathin TiO2 film formed on Mo(112), 
thus forcing the deposited gold to wet the TiO2 layer instead of forming three-dimensional 
islands or clusters. By comparing the surface free energies of gold (1.5 J/m2) and Mo (2.9-3.0 
J/m2), a two-dimensional growth of gold on bare Mo(112) is expected.[182,183] By considering 
that ultrathin layers can adopt the properties of the underlying substrate, the two-dimensional 
growth for gold on the TiO2/Mo(112) surface becomes comprehensible.  
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8.2 Growth of RuO2 on TiO2(110) 
 
The system of RuO2 on rutile TiO2(110) has gained major interest for the HCl oxidation. 
While Cl2 formation from HCl is usually performed by electrolysis, Sumitomo chemicals 
offered an alternative and more energy efficient approach for the gas phase chlorine 
formation, using the RuO2/TiO2(110) system as the active catalyst.[282-284] Due to its unique 
properties and a well defined structure with a atomically sharp interface, the system of 
RuO2/TiO2(110) can be used as a photocatalyst, too.[285] The grown RuO2 acts as a cocatalyst 
while TiO2(110) is the photoabsorber. Their synergy enhances the photocatalytic activity, 
making it a suitable model catalyst for reactions like the water splitting. 
With versatile applications in electrochemistry, heterogeneous catalysis and photocatalysis, 
in-depth understanding of the RuO2/TiO2(110) system is desirable. Recent studies presented 
the importance of the morphology of the RuO2/TiO2(110) system and its related catalytic 
properties.[275] The growth of RuO2 on rutile TiO2(110) has been done by CVD and PVD.[273-
276]
 For multilayer thick films (> 40 layers) of RuO2 on TiO2(110), the growth was determined 
to be FvdM- or layer-by-layer like.[273] For smaller amounts of deposited Ru, different 
morphologies have been reported, i.e. flat one-dimensional RuOx row-like structures as well 
as small three-dimensional islands of RuO2.[274,276] In a recent STM work, the growth of 
RuO2(110) on rutile TiO2(110) near thermodynamic equilibrium has been visualized by 
systematic STM investigations (cf. figure 8.2-1).[145] To form RuO2(110) on TiO2(110), 
metallic ruthenium was evaporated in an oxygen atmosphere (p(O2) = 1·10−6 mbar) to the 
titania surface, which was kept at 600 K. In the initial stage of the RuO2(110) growth (≤ 2 ML 
RuO2), square islands are predominantly formed at the steps of the TiO2(110) surface (cf. 
figure 8.2-1b,c). Significantly fewer RuO2 islands are formed on the terraces, indicating the 
importance of defect sites for the nucleation of RuO2 on the TiO2 surface. By increasing the 
number of defects on the TiO2(110) terraces the amount of formed RuO2 islands on these 
terraces increases, and the islands are more homogeneously distributed on the TiO2(110) 
surface. Line scan analysis revealed a critical thickness of 3-4 ML for the square-shaped 
islands. This thickness is largely maintained during subsequent growth of RuO2, thus leading 
mainly to the lateral growth of the islands until they coalesce to complete a wetting film of 
RuO2(110) (cf. figure 8.2-1d-g). This wetting film flattened with ongoing deposition of 
ruthenium in O2 atmosphere leading to large terraces of RuO2. Further growth of RuO2(110) 
(≥ 6 ML) continues via the typical step flow mechanism, i.e. newly formed RuO2 are 
exclusively attached at the steps and no nucleation on the terraces occurs. 
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Figure 8.2-1: STM images (300 nm × 300 nm) for RuO2 islands and films grown on TiO2(110) at 600 
K with increasing amounts of deposited Ru: (a) clean TiO2(110), (b) 1 ML, (c) 2 ML, (d) 3 ML, (e) 4 
ML, (f) 5 ML, (g) 6 ML, and (h) 7 ML. Figure taken from [145].  
 
The step flow growth of RuO2 fits very well to the reported layer-by-layer growth for thick 
RuO2 films on TiO2(110).[273] This growth behavior is consistent with several assumptions 
that can be made for the growth of RuO2 on TiO2(110): Rutile bulk RuO2(110) and TiO2(110) 
have similar lattice parameters34, leading to a rather small lattice misfit and small lateral 
strain. Therefore a pseudomorph growth behavior occurs with a sharp interface between both 
oxides, i.e. their atomic structure is well defined.  
The surface free energy of TiO2 and RuO2 are approximately equal.[286] With such a small 
difference of the surface free energies, the interface energy or the strain are very important for 
the initial growth. The formation of square-shaped islands strongly indicates an important role 
of the strain energy. From the rectangular unit cell of RuO2(110) a preferred growth direction 
and rectangular islands would be assumed. The formation of square-shaped islands could be 
explained by the different lateral strain in the RuO2 layer, i.e. compressive strain by ~ 4.8 % 
in the [001] direction and tensile strain by ~ 2.4 % in the [1-10] direction.[145] To elaborate on 
the square-shaped morphology of the RuO2 islands further temperature dependent 
investigations are required. 
Although the square-shaped island structure cannot be completely explained at this point, it 
confirms and visualizes the previously reported growth of three-dimensional RuO2 clusters or 
islands on TiO2(110) for small deposition amounts of ruthenium.[274] Besides this square-
shaped morphology the sharp height distribution of 3-4 ML in particular is of interest. By 
                                                 
34
 RuO2(110): (6.35 Å x 3.11 Å), TiO2(110): (6.50 Å x 2.96 Å).[145]  
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keeping the surface at 600 K during the growth, no kinetic barriers are assumed to occur. That 
the RuO2/TiO2(110) system is near thermodynamic equilibrium at these growth conditions 
can be confirmed by the following observations from STM: (i) No nucleation on top of the 
atomically flat RuO2 islands or terraces occurs, indicating diffusion limitations have been 
overcome at 600 K; (ii) the observed step flow growth, for RuO2 multilayers, is typical for 
homoepitaxial growth very close to thermodynamic equilibrium. With the RuO2/TiO2(110) 
system being at thermodynamic equilibrium the formation of three-dimensional islands would 
in principle implicate that the surface free energy of RuO2(110) is (slightly) higher compared 
to TiO2(110). However the three-dimensional growth stops after 3-4 ML of RuO2 are reached, 
leading to an exclusive lateral expansion of these islands with continuing growth. Why does 
the three-dimensional growth stop after the 3rd (or 4th) layer of RuO2?  
The formation of such thin 3-4 ML layers of RuO2 on TiO2 under HCl reaction conditions or 
thermal treatment have been reported, but without deeper explanation.[275] In Wang’s work,  
2 nm RuO2 nanoparticles, impregnated in mesoporous TiO2, were transformed to 1 nm thick 
(~ 3 ML) film of RuO2 at 300 °C. Assuming that this system was also near thermodynamic 
equilibrium the transformation from the 2 nm thick nanoparticles to 3 ML thin RuO2 films 
strongly indicates a further structural stabilization. Interestingly at similar temperatures (580 
K) the oxidation of Ru(0001) by O2 leads to the formation of ultrathin RuO2(110) films 
covering the ruthenium surface.[190,191] The thickness of such thin oxides has been determined 
to be ≤ 3 ML. Again the thickness of approximately 3 ML is achieved rather fast, but then the 
three-dimensional growth of RuO2(110) is negligible compared to the lateral expansion over 
the Ru(0001) surface. This also indicates a stabilization of thin three-layered RuO2(110) 
structures. But further experiments and theoretical investigations are necessary to elucidate a 
possible structural stabilization mechanism for 3-4 ML thick RuO2 films or islands.  
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8.3 Formation of RuO2(110) by oxidation of Ru(0001) 
 
The system of RuO2(110) grown on Ru(0001) is known to be an active catalyst for oxidation 
reactions even at ambient pressures. Due to its well defined structure, RuO2(110) is used as an 
model catalyst in various research fields.[8] With various possible coexisting surface 
orientations for rutile RuO2 (e.g. RuO2(110), RuO2(100) and RuO2(101)) the conditions for 
oxidation are crucial to predominantly grow a certain ruthenium oxide and simultaneously 
preventing the formation of the other oxide orientations.[191,287-289] During the gas phase 
oxidation of the Ru(0001) single crystal surface by O2 mainly RuO2(110) is formed. Due to 
the reduction in symmetry from the Ru(0001) substrate (C3)35 to the RuO2(110) (C2) three 
energetically equal oxide domains are formed on the surface rotated by 120°.[8]  
Recent studies by Herd et al. gave insight into the initial gas phase oxidation of Ru(0001) 
using molecular oxygen.[92,190] The formation of RuO2(110) on Ru(0001) by gas phase 
oxidation using O2 is induced by a  heterogeneous nucleation and growth process.[190] He et 
al. already showed an Avrami like growth behavior for RuO2(110) on Ru(0001) by SXRD, 
which was confirmed and further investigated by recent LEEM, LEED and SXRD 
studies.[191,288-291] The growth consists of a induction time (or nucleation phase), where RuO2 
nuclei are formed along the steps of the ruthenium surface, which act as starting points for the 
growth of flat RuO2(110) patches. The nucleaction phase is followed by the growth phase 
where the oxide spreads two-dimensionally over the surface leading to a ultrathin (2-4 layers) 
RuO2(110) film covering the Ru(0001) surface. The final saturation phase is reached after a 
thickness of ~ 5 layers of RuO2(110) on Ru(0001) where the further thickness growth of the 
oxide occurs very slowly.[190,191,288-291]  
For the oxidation of Ru(0001), a threshold pressure and temperature were determined. If 
either the temperature or the pressure are below 550 K or p(O2) = 1·10−5 mbar, the oxidation 
is strongly inhibited and RuO2(110) is formed very slowly.[190,191] For comparison, a 
completely covering film of RuO2(110) on the Ru(0001) surface is formed after 60 minutes, if 
the temperature and oxygen pressure are set to 630 K and p(O2) = 1·10−5 mbar, 
respectively.[288] It should be mentioned that the growth of RuO2(110) can be continued at 
pressures below 10−5 mbar, if some nuclei are already available on the surface.[190,291,292] This 
can be explained by nucleation theory, where the stability of a formed oxide nucleus is related 
to the applied oxygen pressure. If the O2 pressure is too low (e.g. p(O2) = 1·10−7 mbar), the 
                                                 
35
 For simplification the symmetry only refers to the top layer and not to the real symmetry groups of bulk 
Ru(0001) and RuO2(110).  
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formation of critical clusters is strongly inhibited.[92,190] But if the oxide nuclei have already 
been formed, the growth can readily continue at this low pressure because the growth of the 
patches itself is not as pressure dependent as the cluster formation.[290] The threshold 
temperature simply reflects the activated oxidation process of Ru(0001) by O2.[92]  
Recent studies showed that the growth of RuO2(110) on the mesoscale can vary significantly 
by changing the applied temperature and O2 pressures.[191,291] By increasing the temperature 
during the oxidation the lateral size of the RuO2(110) flakes increases, while the roughness of 
the oxide film decreases.[189] Figure 8.3-1 shows the temperature dependent morphology 
change of the RuO2(110) flakes after a Ru(0001) single crystal surface was oxidized by 
dosing 106 L O2 at 650 K(a), 700 K (b), 800 K (c) and 900 K (d). 
 
 
Figure 8.3-1: STM images of the morphology of the RuO2(110) oxide film grown at various 
preparation temperatures Tprep on the mesoscale. Tprep = (a) 650 K, (b) 700 K, (c) 800 K, and (d) 850 
K. With increasing temperature the terrace width of the grown oxide patches increases, too. V = − 0.6 
V; I = 2.2 nA; STM image area: 270 nm x 270 nm. Figure taken from [189]. 
 
Comparing the calculated surface free energies of the different coexisting surface orientations 
for RuO2, i.e. RuO2(110) (0.114 J/m2), RuO2(100) (0.139 J/m2) and RuO2(101) (0.123 J/m2), 
with the surface free energy of the Ru(0001) single crystal surface (3.050 J/m2) the wetting 
behavior of RuO2 can readily be explained.[182,193] Due to the different symmetry and lattice 
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parameters of RuO2 and Ru(0001) the growth is incommensurate, although it is not known in 
detail how the RuO2(110) binds to the Ru(0001) surface on the atomic level.[8,92] But it is 
assumed that the interface and the resulting interface energy has a major impact on the 
morphology of the formed RuO2(110) on Ru(0001).  
The formation of two-to-three layered RuO2(110) islands and its two-dimensional spreading 
over the surface with ongoing oxidation is of further interest. The formation of such ultrathin 
RuO2 films has been confirmed by Freund et al., too.[293] This supports the interpretation that 
a stabilization for two-to-four layered RuO2(110) structures occurs, which calls for future 
theoretical investigations to elucidate this interesting observation.  
After completing a covering film of two-to-four layered RuO2(110), STM shows that the 
oxide film is not atomically flat. It consists of many flake like patches or islands with 
different heights, which merged during the growth, thus leading to a rough RuO2(110) 
surface.[92,189,191,289] LEEM measurements illustrate that the film grows over the surface 
starting from several nucleation points.[191,289] Evidently the growth of RuO2(110) and the 
resulting morphology cannot be described by one of the ideal growth modes36. More likely 
this rough RuO2(110) carpet is the result of a complex interplay of various energy 
contributions at the interface. The conclusion that the interface determines the resulting 
morphology becomes more evident by comparing ultrathin RuO2(110) grown on the 
Ru(0001) surface to equal thin films formed on TiO2(110). In the previously described system 
of RuO2(110)/TiO2(110) significantly larger terraces of RuO2 are formed, which are also 
atomically flat. By considering that in both systems an ultrathin film of RuO2(110) with equal 
thickness is formed, the importance how the RuO2(110) binds to the underlying substrate 
becomes evident.  
Because the formation process of these both systems cannot be compared directly (epitaxial 
growth of RuO2 on TiO2 versus the oxidation of Ru(0001)), ruthenium was evaporated to the 
Ru(0001) in oxygen atmosphere to grow RuO2 at the same conditions as in the 
RuO2/TiO2(110) system, i.e. same deposition rate (1 ML Ru / 4 min), substrate temperature 
(620 K) and oxygen pressure (p(O2) = 1·10−6 mbar).[294] By using these growth conditions the 
deposited ruthenium atoms attach to the step edges of the Ru(0001) surface and an oxygen 
overlayer is formed. Both, STM and XPS showed that no oxide was formed on the Ru(0001) 
surface. By this experiment, the importance of the substrate that induces the rutile structure of 
RuO2 on the one hand and has a well defined interface on the other hand becomes evident for 
the epitaxial growth of RuO2 by deposition of ruthenium in an oxygen atmosphere.   
                                                 
36
 Frank-van-der-Merwe growth; Volmer-Weber growth; Stranski-Krastanov growth.  
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As mentioned before an increase in temperature also increases the flatness and size of the 
RuO2(110) terraces. The decrease of the RuO2 film roughness can be explained by a simple 
mind game. With increasing temperature the amount of formed RuO2 clusters decreases from 
which the formation of the flat RuO2(110) film starts.[190,191] If, for instance, only one cluster 
is formed on the surface from which the oxidation starts, then no oxide intersection areas 
should occur, thus reducing the overall roughness of the oxide film. But experiments showed 
that the oxidation process is far more complex and the resulting morphology cannot be 
explained by the nucleation rate alone. Oxidation of Ru(0001) by O2 at temperatures above 
740 K leads to the simultaneous formation of RuO2(110), RuO2(100) and RuO2(101).[289,295] 
Additionally recent studies demonstrated that at higher temperatures (> 680 K) new rotational 
domains of RuO2(110) begin to appear. With respect to the high symmetry direction of RuO2 
on the Ru(0001) substrate, these new RuO2(110) domains are slightly rotated by up to 20°.[191] 
The formation of differently oriented RuO2 as well as occurrence of the rotated RuO2(110) 
increases the overall roughness of the growing oxide film. The influence of the temperature 
on the growth behavior has been further visualized by LEEM measurements (cf. figure 8.3-
2).[191]  
 
 
Figure 8.3-2: Low energy electron microscopy images obtained during the oxidation of Ru(0001) by 
p(O2) = 4·10−5 mbar at 580 K after an exposure time of 25 min (a) und 37 min (b) and at 680 K after 
an exposure time of 25 min (c) and 37 min (d), respectively. While at 580 K (a,b) the RuO2 domains 
grow needle like, i.e. predominantly in the [001] direction of the oxide, which is also along the main 
symmetry direction of the Ru(0001) substrate (white arrows). The width growth of the oxide is 
inhibited. At 680 K (c,d) broad oxide islands appear, which grow discoidal over the surface. Again the 
oxide grows along the high symmetry direction of the substrate with their oxide width being increased. 
But the growth behavior changed from a merging of separated needles to a disc-like spreading over 
the Ru(0001) surface. Figure taken from [191]. 
 
At temperatures around 580 K narrow, needle like RuO2(110) patches are formed, which are 
mainly growing along the high symmetry directions of the Ru(0001) surface (cf. figure 8.3-
2a,b). From the needle-like shape it is concluded that the oxide grows preferentially in its 
[001]37 direction while the growth in the [-110] direction is inhibited. By increasing the 
                                                 
37
 This direction is referred to the growing RuO2(110) film and not to the underlying Ru(0001) substrate. 
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temperature to 680 K the growth of the RuO2 patches changes (cf. figure 8.3-2c,d). Instead of 
many separated needles, which grow simultaneously on the surface and form a covering film 
of RuO2(110) by merging together, at temperatures ≥ 680 K the RuO2(110) seems to grow 
more uniformly and discoidal over the Ru(0001) surface starting from one nucleation point. 
With micro LEED the growth directions of different RuO2(110) domains are visible 
(indicated by the white arrows in figure 8.3-2c,d).  
The width of the growing oxide patches increased with increasing temperature. Also the oxide 
patches are still growing predominantly along the [001] direction. It is still unclear if the 
oxide solely grows one-dimensionally in its [001] direction, or if also a (significantly) slower 
growth in the [-110] direction occurs. It is therefore not possible to discriminate if the oxide 
grows two-dimensional on the surface or if a one-dimensional growth of continuously formed 
needles along an already existing RuO2(110) patch occurs.[191] 
The temperature depending broadening of the RuO2(110) terraces (cf. STM images from 
figure 8.3-1) has been further investigated by SXRD measurements, where the oxide width at 
temperatures between 590 K and 680 K has been determined (cf. figure 8.3-3).[290,291]  
 
 
Figure 8.3-3: Illustration of the temperature dependent mean oxide patch width, derived from SXRD 
measurements. (a) Oxidation of the Ru(0001) surface in the temperature range of 590 K to 680 K with 
an applied oxygen pressure of 5·10−5 mbar. With increasing temperature during oxidation, the mean 
oxide patch width increases, too. The values of these oxide widths are derived after the saturation of 
the mean oxide patch width signal (dashed blue line in b). (b) Time dependent growth of the mean 
oxide patch width (red triangles) and the corresponding overall growth of RuO2(110) on the surface 
(black squares) at 680 K. The mean oxide patch width saturates earlier than the corresponding overall 
growth signal for the RuO2 formation on the surface. After reaching a particular width, the growth of 
RuO2 in its [-110] direction is inhibited. Therefore the lateral spreading over the surface is done by 
the growth in the [001] direction of the oxide, which induces the needle-like morphology of RuO2(110) 
on the surface. Figure modified from [290]. 
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The mean oxide patch width is plotted against the temperature. For each temperature the 
surface was oxidized at p(O2) = 5·10−5 mbar. The mean oxide patch widths are derived after 
its saturation is monitored by SXRD (cf. figure 8.3-3b, dashed blue line).  
The mean oxide width of the RuO2(110) patches increases with increasing temperature. This 
is consistent with the previous interpretation of the STM images. The relatively large 
deviation between the linear fit and the data points in figure 8.3-3a can be explained by the 
RuO2(110) morphology in this temperature region (cf. figure 8.3-1a). In STM, a broad 
distribution of RuO2 patch widths is observable. With SXRD, a mean oxide patch width from 
all grown RuO2(110) patches with the same growth direction were derived. Therefore, this 
broad distribution is assumed to be one of the main reasons for the deviation between the 
linear fit and the data points. 
By plotting the increase of the mean oxide patch width (red triangles) together with the 
overall growth of RuO2(110) (black squares) against the time, the kinetics of the oxide growth 
at 680 K are presented (cf. figure 8.3-3b).[291] The plots for the other temperatures (590 K, 615 
K and 640 K) show a similar Avrami-like curve progression and are not presented here, 
because only the time scale is different and the interpretation of the growth kinetics is not in 
the focus within this work. Because the oxide is spreading as a two-to-four layered film two-
dimensionally over the surface, the Avrami curve combines the growth of the mean oxide 
width in [-110] direction as well as the mean oxide length in [001] direction. The comparison 
of the two curves evidently illustrates, that the mean oxide width is reached very fast, 
compared to the overall lateral growth of the oxide on the Ru(0001) surface. This means that 
the growth in the [-110] oxide direction is very fast at the beginning but then inhibited. The 
lateral growth over the surface is then accomplished by the growth of the oxide in the [001] 
direction. The LEEM experiments confirm this explanation, where the formation of needles is 
observable (cf. figure 8.3-2), which also predominantly grow in the [001] direction while their 
width increases very slowly. Furthermore, by comparing the observed growth behavior by 
LEEM and by SXRD for the whole temperature range (590 K – 680 K), the oxide width 
always saturates before the overall lateral expansion over the surface has been accomplished. 
This shows that even for the uniformly growing discoidal carpet of RuO2 observed by LEEM 
(cf. figure 8.3-2c,d) the increase of mean oxide width is inhibited, thus indicating that new 
RuO2(110) patches are continuously formed at the sides of already grown RuO2(110). 
The main question derived by all the presented experiments is: What determines the overall 
morphology of the covering RuO2(110) film on the Ru(0001) substrate? Can the rather 
simplified model for heterogeneous nucleation and epitaxial growth describe the temperature 
 166 
dependent morphology and growth behavior of RuO2(110) on the Ru(0001) surface? 
Evidently the complex growth of RuO2(110) on Ru(0001) exposes the limitations of the 
simplified epitaxial growth model at the current level of understanding for the 
RuO2(110)/Ru(0001) system. Although the two-dimensional spreading of RuO2(110) over the 
ruthenium substrate is nicely explainable by the surface free energy relations (σRuO2 << 
σRu0001)[182,193], the resulting overall morphology and the temperature dependent broadening of 
the oxide patches cannot be explained that easily. With no information about the 
RuO2/Ru(0001) interface and no explanation of the atomic processes during the RuO2(110) 
growth over the surface, the resulting (temperature depending) morphology cannot be 
described at this point and descriptions about the growth mechanism on the atomic level are 
speculative. This evidently shows the importance of a better understanding of the growth 
mechanism of RuO2(110) on Ru(0001) on the one hand and the binding at the interface 
between the oxide and the substrate on the other hand. Although the resulting morphology 
cannot be explained without further information of the oxidation mechanism on the atomic 
scale, the description of the temperature dependent morphologies might become helpful to 
understand the growth behavior and therefore be another important piece of the overall picture 
of the oxidation of the Ru(0001) single crystal surface by O2.  
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8.4 Summary and conclusions 
 
The previously presented model of heterogeneous nucleation and epitaxial growth (cf. chapter 
3) is widely used in surface science. Many observed growth behaviors and the resulting 
morphologies can be explained qualitatively, only on the basis of the relation between the 
surface free energies, the interface energy and the strain energy (cf. tables 8-1 and 8-2).  
Generally, epitaxially growing materials can be qualitatively described by the surface free 
energy relation between the deposited material and the substrate. For many systems the 
difference of a two-dimensional growth or three-dimensional growth is assumed to be 
determined by the surface energy relation. For a system, where the deposited species has a 
significantly larger surface free energy than the substrate, a three-dimensional Volmer-Weber-
like growth of islands or clusters is expected. Vice versa a system, with the deposited species 
having a significantly lower surface free energy than the substrate, is expected to form 
wetting film structures by either a two-dimensional Frank-van-der-Merwe-like layer-by-layer 
or by a Stranski-Krastranov-like layer-plus-island growth. However these general 
assumptions are only valid for systems with significantly different surface free energies and 
only small contributions from the interface energy and the strain energy due to a small lattice 
misfit between the deposited material and the substrate. But even if a two-dimensional growth 
is observable due to significantly higher surface free energy of the substrate, the more 
complex structures at the atomic level (e.g. moiré pattern) of the grown film can only be 
explained if the interface energy and the strain energy are included into the model.  
Moreover other parameters might strongly influence the general growth behavior. This was 
shown on the basis of the changing oxidation state during metal deposition on the TiO2 
surface. For this Me/TiO2 system the redox chemistry between the deposited material and the 
substrate substantially changes the growth behavior and the resulting morphologies.[272]  
Therefore the applicability of the heterogeneous nucleation and epitaxial growth model 
presented in chapter 3 to predict the growth behavior for any given system is only possible 
with strong reservations. Even if the overall morphology and growth behavior can be roughly 
estimated, the real structure (especially on the atomic level) cannot be predicted. Predictions 
are only reliable if sufficient knowledge about the system has already been gathered. For 
instance, the temperature dependent growth behavior for any given system can be estimated 
for a certain temperature range if the growth behavior for this system for another temperature 
range has already been investigated.  
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The applicability of the epitaxial growth theory on a transformation process, like the 
transformation of the Ru(0001) surface to RuO2(110) via oxidation, is basically possible. But 
usually the oxidation of a surface (especially on the atomic level) is so complex, that 
knowledge of the oxidation mechanism is mandatory so the model can be adapted and 
improved to describe certain observed morphologies or the growth behavior itself.  
In conclusion, the epitaxial growth and heterogeneous nucleation theories are a first guideline 
to qualitatively explain and conditionally predict the growth behavior and morphologies of 
well defined systems. This becomes evident by the presented systems within this dissertation. 
The growth of Au on oxygen free and oxygen precovered Ru(0001) can be well described 
based on Young’s equation. And even the oxidation of the thin gold islands (or films) and the 
resulting fragmentation is described by the proposed shoveling mechanism for which general 
assumptions on the basis of Young’s equation were done. 
The complimentary system of Ru deposited on Au(111) is, however, conditionally 
describable. The Au(111) surface with its unique herringbone reconstruction significantly 
incluences the growth of the deposited ruthenium. In a first approach, the general growth 
behavior of metallic Ru on Au(111) and the formation of the perforated Ru film under oxygen 
exposure can be described qualitatively on the basis of Young’s equation. However, several 
issues like the discrimination between a Au-Ru surface alloy and embedded Ru islands in the 
first Au(111) layers remains elusive. Evidently for this more complex system the applicability 
of Young’s equation reaches its limitations and further knowledge of the Ru/Au(111) system 
is mandatory to adequately explain the observed morphologies and the growth behavior.  
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 10. Appendices 
A: Theory of heterogeneous nucleation  
The formation of a liquid droplet on a solid surface can be described by a spherical cap or 
spherical dome. To derive the critical radius and the Gibbs free energy of a stable droplet on 
the solid surface, the volume and the total surface area has to be described. Figure A1-1 
shows the schematic illustration of the spherical cap. 
 
 
Figure A1-1: Two-dimensional illustration of a spherical cap, which describes the form of a droplet 
on a solid surface. The curved surface area of the spherical cap is marked by the blue line. The 
contact area at the liquid solid interface is highlighted by the red line. 
 
The curved surface area of the spherical cap is given by: 
( )1A2                                                                                                                   hrAcurved ⋅⋅= pi  
By inserting the angular dependency of the radius from figure A1-1 
( ) ( )( ) ( )2Acos1cos                                                                                     rh
r
hr θθ −⋅=⇔−=  
into equation (A1), the expression of the curved surface area changes to: 
( )( ) ( )3Acos12 2                                                                                                  rAcurved θpi −⋅⋅=  
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The contact area (between the droplet and the solid surface) of the spherical cap is given by: 
( )4A2                                                                                                                      aAcontact ⋅= pi  
By inserting 
( ) ( ) ( )5Asinsin                                                                                                   ra
r
a θθ ⋅=⇔=  
into (A4), the expression of the contact area changes to: 
( ) ( )6Asin 22                                                                                                         rAcontact θpi ⋅⋅=  
The volume of the spherical (Vsc) cap is given by: 
( ) ( )7A3
3
2
                                                                                                            hrhVsc −⋅
⋅
=
pi
 
By inserting (A2) into (A7), the volume of the spherical gap changes to: 
( )( )[ ] ( )( )( )
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The term of equation (A8) that contains the angular dependency of the spherical cap volume 
is called as the wetting function or the catalytic factor S(θ).  
( ) ( )( ) ( )( ) ( ) ( ) ( )9A
4
coscos32
4
cos2cos1 32
                                                   S θθθθθ +−=+⋅−=  
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This function describes the tendency for the formation of nuclei instead of a wetting film on 
the substrate. 
The total Gibbs free energy of the droplet formation consists of two summands: One that 
describes the formation of the bulk, and another that describes the formation of the surface.  
( ) ( )10Aln
, ∑ ⋅+






⋅−=∆                                                                            A
p
p
nRTG ii
eq
hettotal σ  
By introducing the molar volume (Vm,sc), equation (A8) can be expressed by the amount of 
substance: 
( ) ( )11A
3
4 3
,
                                                                                                          Sr
V
n
scm
θpi ⋅⋅⋅=  
To derive the summand of the surface formation of the spherical droplet, the curved surface 
area and the contact area are both multiplied by the corresponding surface free energy terms, 
which are shown in figure A1-1. 
( ) ( ) ( )12Alg                                                                     AAA sgslcontactcurvedii∑ −⋅+⋅=⋅ σσσσ  
By substituting ( )sgsl σσ −  with ( )θσ coslg ⋅− 38 and inserting (A3) and (A6), equation (A12) 
changes to: 
( ) ( )( ) ( ) ( )( )
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38
 Rearrangement of Young’s equation: ( ) ( ) ( )θσσσθσσσ coscos lglg ⋅−=−⇔⋅+= sgslslsg  
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Inserting (A11) and (A13) into (A10), the total Gibbs free energy for the formation of a 
droplet can be described by: 
( ) ( ) ( )14A4ln
3
4
lg
23
,
,
                                    Sr
p
pRTSr
V
G
eqscm
hettotal θσpiθ
pi
⋅⋅⋅+








⋅⋅⋅⋅⋅−=∆  
Analogous to the homogeneous nucleation, in case of the heterogeneous nucleation the 
critical radius of the droplet on the solid surface can be calculated by differentiation of ∆Gtotal 
(A14) with respect to the radius: 
( ) ( ) ( ) ( )15A8ln4 lg2
,
,
                                   SrS
p
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r
V
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r
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∂
∆∂
 
When the total free energy reaches its maximum ( ( ) 0/
,
=∂∆∂ rG hettotal ), r describes the critical 
radius of a stable droplet. Solving equation (A15) for the critical radius leads to: 
( )16A
ln
2
,lg
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pRT
V
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scm
critical
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or by inserting the Clausius-Clapeyron relation: 
( ) ( )17A
2
,lg
                                                                                                 
TTH
TV
r
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−⋅∆
⋅⋅⋅
−=
σ
 
By inserting equation (A16) into (A14) the Gibbs free energy of a stable droplet with its 
critical radius can be derived: 
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To derive the temperature dependence of the Gibbs free energy of the heterogeneous 
nucleation (A17) is inserted: 
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For better comparison to the homogeneous nucleation, the equation (A19) can be simplified if 
the surface free energy of a droplet on the surface (σlg) is assumed to be equal to surface free 
energy of a droplet (σ) from the homogeneous nucleation. By this assumption, the Gibbs free 
energy of a stable droplet in homogeneous nucleation (cf. equation (3.1-10)) can be inserted 
and the well known relation is derived:  
( ) ( )A20hommax,max,                                                                                                  SGG het θ⋅∆=∆  
Depending on the wetting angle, the catalytic factor S(θ) has values ranging between 0 (θ = 
0°, full wetting) and 1 (θ = 180°, no wetting) (cf. figure 3.2-2, page 33). With the contact 
angle of 180° the nucleation process can be described by homogeneous nucleation because 
the substrate surface becomes irrelevant in the nucleation process. 
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From equation (A20) it becomes evident that hommax,max, GG het ∆≤∆  and therefore nucleation on 
a surface is always more favored than the corresponding homogeneous nucleation process, if 
the critical radius in both cases is equal.  
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Appendix B: Basic elastic theory - strain energy and dislocation 
energy 
 
In the following the formation of dislocations in a growing film will be described, which are 
induced by the lattice misfit between the growing film and the underlying substrate. Within 
this section several quantities from elasticity theory and continuum mechanics are used and 
therefore explained: 
• Stress (mechanics): ( )B1                                                                                        
A
F
=τ  
The mechanical stress is defined as the force per unit area that is put on an area or 
surface. Stress is classically divided into two categories: If the applied force is 
perpendicular to the surface (F⊥A), the corresponding stress is usually named as 
normal stress (cf. figure B1-1a). Depending on the direction of the force the stress is 
more classified to compressive stress (force directed towards the area) or tensile stress 
(force directed away from the area). If the applied force is parallel to the surface, the 
(F∥A) the corresponding stress is called shear stress (cf. figure B1-1b).  
• Strain (deformation): ( )B2                                                                                   
l
l∆
=ε  
The strain is defined as the deformation of a stressed material. Depending on the 
direction of the deformation, the strain is further classically divided into tensile strain, 
compressive strain (for deformation perpendicular to the area, cf. figure B1-1a) or 
shear strain (for deformation parallel to the area, cf. figure B1-1b).   
• Young’s modulus: ( )B3                                                                    
lA
lF
strain
stressY
∆⋅
⋅
==  
Young’s modulus is defined as the ratio of normal stress to normal strain. It describes 
the material’s response a uniaxial stress and therefore its stiffness. The larger Y is the 
bigger is the inelasticity of the material. A typical example for a linear deformation is 
shown in figure B1-1a.  
• Shear modulus: ( ) ( )B412                                                             
Y
 strainshear
 stressshear
ν
µ
+
==  
The shear modulus is defined as the ratio of shear stress to the shear strain. If describes 
the material’s response to shear stress. Analogous to Young’s modulus, the elasticity 
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of a material is described, but the direction of the applied force is different (cf. figure 
B1-1b).  
• Poisson’s ratio: ( )B5                                                                                    
d
d
axial
trans
ε
ε
ν −=  
The Poisson’s ratio is defined as the negative ratio of the transverse strain to the axial 
strain. Figure B1-1c gives an example for the linear tension of a rod. Due to the linear 
extension of the rod, its transverse section decreases to maintain the overall volume of 
the rod.  
• Burgers vector: ( )B6
2
2220
                                                                 lkhab ++⋅=  
The Burgers vector represents the magnitude and direction of the atomic displacement 
resulting from a formed dislocation in the crystal lattice. It quantifies the difference 
between the distorted lattice around the formed dislocation and the perfect lattice. In 
many metals the absolute value of the Burgers vector is approximately equal to the 
lattice parameter of the respective metal (cf. figure B1-1d).  
• Lattice mismatch or misfit (strain): ( ) ( )( ) ( )B7f 0
00
                                           
Aa
AaSa −
=  
The lattice misfit strain describes the quantity of strain that occurs in a pseudomorph 
growing film due to different lattice parameters and the resulting compression or 
expansion of the binding length between the adlayer atoms. Therefore it displays how 
good (or bad) two crystallographic lattices fit to each other based on their unstrained 
lattice parameters a0(S) and a0(A) (lattice parameters of the substrate S and the 
adsorbate film A, respectively). For simplification, the substrate is assumed to be rigid 
and no strain occurs in its top layers. Figure B1-1e illustrates the derivation of the 
lattice misfit for a growing film with tensile strain. For positive f  values, the first 
growing layers are stretched under tensile strain. Vice versa, for negative f  values the 
growing layers are under compressive strain.  
Note that the convention for the lattice misfit strain can differ, depending on the 
derivation. If the lattice misfit is derived for a growing film with compressive strain, 
the numerator from (B7) changes to ( ) ( )SaAa 00 − . As a consequence the definition 
for f  changes: Now negative f  values describe a tensile strain of the growing film 
and positive f  values a compressive strain. Both conventions are used in literature: 
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( ) ( )SaAa 00 − [118,122,124,132] and ( ) ( )AaSa 00 − [119,133,296]. Within this work the equation 
(B7) will be used. 
 
 
Figure B1-1: Schematic illustration of different quantities from basic elastic theory: (a) basic stress 
and strain, (b) shear stress and strain, (c) Poisson’s ratio from a linear deformation, (d) point 
dislocation in a crystal lattice and the derivation of the corresponding Burgers vector, (e) lattice 
tensile strain of the growing film and the derivation of the lattice misfit. 
 
For simplification it is assumed that the shear modulus and Young’s modulus of the adsorbate 
film and the substrate are equal, meaning both materials have the same deformation properties 
and the strain energy therefore is only related to the different lattice parameters. 
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At the initial film growth (d < dc,disl) the elastic strain energy of the wetting film is given by: 
( ) ( )
modulus Young´sY
ratio sPoisson
strain biaxial
                                                                                                               YdEel
:
´:
:
B8
1
1 2
ν
ε
ε
ν
⋅
−
=
 
With increasing film thickness d the elastic strain energy increases linearly as can be seen in 
equation (B8). Beneath a critical film thickness dc,disl no dislocations occur in the growing 
film. To form a dislocation energy is needed, the dislocation energy. So even if the formation 
of the dislocation releases strain and reduces the strain energy, the total (strain) energy of the 
system might still get higher after the formation of the dislocation due to the dislocation 
energy. Beneath the critical film thickness (d < dc,disl), the increase in the total energy by the 
gain of dislocation energy is larger than the simultaneous decrease of the strain energy. 
Therefore dislocations only appear if the sum of the dislocation energy and the strain energy 
of a film with formed dislocations is lower than the total energy of an equal thick film without 
dislocations. 
If the growing film reaches the critical thickness (d > dc,disl), dislocations are formed to reduce 
the strain energy. Figure B1-2 illustrates schematically the formation of dislocations 
depending on the film thickness.  
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Figure B1-2: Illustration of the Matthews-Blakeslee equilibrium theory of misfit-dislocation 
formation. For d < dc,disl the coherent film growth is shown with corresponding dependence of the 
dislocation number b/S towards the total strain energy Etotal. For d > dc,disl film growth with misfit 
dislocation and the corresponding energy diagram are shown. Figure modified from [133]. 
 
To describe the reduction of the strain in the film by the formation of dislocations in figure 
B1-2, the dislocation number b/S is introduced: 
 
( )B9f                                                                                                                                
S
b
−=ε  
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Dislocations are formed at somewhat regular distances of S at the interface (cf. figure B1-2, 
left bottom). The dislocation number is the quotient of Burgers vector and the distance 
between the formed dislocations and represents the density of formed dislocations. The strain 
at the interface is reduced by the formation of dislocations and it disappears if the dislocation 
number is equal to the lattice misfit (
S
b
=f ). By introducing the dislocation number in 
equation (B8) the elastic strain energy changes to: 
 
( ) ( )B10f1
1 2
                                                                                                   
S
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By introducing the dislocation energy, 
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it is possible to describe the total strain energy of the growing film: 
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In figure B1-2 the total strain energy is plotted versus the dislocation number for the coherent 
or pseudomorph film growth beneath the critical film thickness (cf. figure B1-2, middle right) 
and for a grown film with formed dislocations above the critical film thickness (cf. figure B1-
2, bottom right). As described in equation (B12) the dislocation energy increases linearly with 
increasing dislocation density (blue curve). Similarly the elastic strain energy is reduced with 
increasing number of formed dislocations at the interface until 
S
b
=f  (orange curve). The 
sum of both curves represents the total strain energy of the film and is illustrated by the green 
curve. 
Beneath the critical film thickness (d < dc,disl) the total strain energy continuously increases 
with increasing formation of dislocations. Therefore no dislocations are formed during the 
initial growth phase because the total strain energy is minimal if b/S = 0.  
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Above the critical film thickness (d > dc,disl) a minimum occurs for the total strain energy. This 
means that with a certain number of dislocations it is possible to reduce the strain in an 
energetically favorable way and therefore reducing the total strain energy, if the critical film 
thickness is obtained.  
To calculate the critical thickness of the growing film it is necessary to determine the 
minimum of the total strain energy. Therefore the total strain energy is derived with respect to 
the dislocation number:  
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It is assumed that at the critical thickness of the film (dc,disl) no dislocations have been formed 
yet (b/S = 0), but their formation starts immediately with the next growing layer. If the 
thickness d is not exchanged by the critical thickness dc,disl, equation (B13) changes to: 
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By rearranging equation (B14) the critical thickness of the film can be obtained: 
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If the shear modulus ( ( )νµ += 12
Y ) is inserted in equation (B15), the expression for the 
critical film thickness changes to: 
 
( ) ( )B16lnf18
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With the approximation done before, all the deformation parameters39 are set as constant for 
both materials during the growth. This leads to the important inverse proportion of the critical 
film thickness and the lattice misfit between both materials: 
 
( )B17
f
1
~
,
                                                                                                                            d dislc   
 
In conclusion the total strain energy of the growing film is related to the lattice misfit and the 
film thickness. From this follows that if the lattice misfit is low the total strain energy is low 
and the growth is mostly determined by the surface free energies of the materials in case that 
the interface energy is not influenced by other effects (e.g. charging). If, in principle, the 
lattice misfit between the adsorbate and the substrate is zero a homoepitaxial FvdM growth 
occurs. However in heteroepitaxial growth the lattice misfit between two different materials 
usually is not zero. Even for well-fitting materials it usually is only a question of the film 
thickness until defects need to be introduced to release the strain of the growing film. This can 
vary from ≤ 1 layer for a bigger lattice misfit to ≥ 50 layers for nearly equal lattice parameters 
between both materials. 
                                                 
39
 Shear modulus µ  and Young’s modulus Y are constant: Both materials have the same deformation properties. 
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C: Blueprint of the used Ru(0001) and Au(111) single crystals 
 
 
Figure C1-1: Blueprint of the Ru(0001) and Au(111) single crystals from top and side view, with the 
respective length specification. The used single crystal surfaces are highlighted in grey.  
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